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Research Background 
 
The silkworm species Bombyx mori (B.mori) has been used to produce cloth since 3500 – 2000 BC. 
Silk production involves synthesis and secretion of two different proteins by the insect glands 
which are pulled out of the spinneret to form a silk filament. This silk filament wraps around the 
body of the silkworm in a programmed manner to form a silk cocoon. The silk cocoon is processed 
to obtain silk fibre that produces cloth. Various silkmoth species from different geographical 
locations have been used to produce silk cloth. 
Silks have been found to possess extraordinary mechanical properties such as high tensile strength 
and extensibility, as well as biological compatibility [13]. This has led to an increased interest in 
using silk fibre for biomedical applications [13]. Silk is a natural fibre with a long standing history 
of use in clinical applications [14]. According to the literature, silk suture was used for surgery from 
early 1900 [15]. Despite centuries of using silk fibres as sutures, silk matrices are being 
reconsidered as useful biomaterials and as scaffolds for tissue engineering [16]. There are several 
advantages of using silk as a biomaterial such as its superior mechanical properties. But there are 
some disadvantages too. First, the sericin protein that glues the two silk fibres together can cause 
biocompatibility concerns and has to be removed completely from silk. Silk fibre has antiparallel 
beta sheet structure composed of aminoacids [17]. The second concern is the slow degradation of 
these beta crystalline sheets in vivo.  
There has been considerable research carried out on the mechanical strength of the silk fibre. The 
unusual combination of high strength and extensibility in silk is a characteristic unavailable to 
synthetic materials. The toughness of silk fibres is superior to the best synthetic high performance 
fibres available today, including Kevlar [18, 19]. It has been found that the mechanical properties of 
silk fibres can be modulated on the basis of the spinning conditions, temperature, reeling rate and 
drawing rate of the silk [20]. 
Apart from the research being carried out on silk as a textile, biomaterial and high performance 
material, there is one area of research on the study of silk cocoon itself which has not been 
thoroughly explored.  Cocoon shells are vital for the survival and reproduction of silkworms. Since 
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silk cocoons have evolved over millions of years through the process of natural selection, they are 
believed to have protective roles during the immobile phase (pupae) of the lifecycle of the silkworm 
against biotic and abiotic threats. Despite being so thin (less than 1 mm) and light weight, a cocoon 
shell is expected to provide the silkworm pupae with an effective shield from many foreign threats 
such as solar radiation, extremes of temperature, humidity, parasites and other predators. 
There have been very few reports on the study of the silk cocoon structure and its properties. This 
study investigated the cocoon structure of four silk varieties from different geographical locations 
and silk rearing conditions. Further it studied the protective roles of the cocoon components in 
terms of their indentation, antibacterial activity and photoprotection properties. 
Research Objectives 
 
The first aim of this study was to investigate the distribution of the various silk cocoon components 
from one layer to another among the different cocoon varieties. The distribution of cocoon 
components was studied as their arrangement can play a major role in providing protection against 
external threats. It is known that a cocoon is an enclosed shell composed of several layers. 
Therefore the outer layer of the cocoon shell is the first point of contact with the predators and also 
the environment. Studying the various cocoon layers can provide information about the cocoon 
design and help us to apply nature’s design to make artificial garments with similar protective 
layers. 
Secondly the study aimed at investigating the processes of isolating the cocoon components such as 
removal of crystals (known as demineralisation) and removal of sericin (known as degumming). In 
the process of crystal removal it is important to ensure that the process removes only the crystals 
and not the silk sericin. This helps to achieve pure crystals and pure sericin to test their protective 
roles. In order to achieve efficient demineralisation, chemical methods need to be optimised for 
specific cocoon varieties. Since it is believed that crystals are loosely attached to the cocoon 
surface, new physical methods could be developed for their removal. Also in the case of sericin 
removal, most of the degumming work has been done on the domestic silk cocoon variety. 
Therefore methods need to be developed and optimised for degumming semi-domestic and wild silk 
cocoon varieties, since it is difficult to remove sericin from these cocoon varieties due to their 
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partial solubility in traditional degumming processes used for domestic silk Bombyx mori (B.mori). 
The degumming method should be able to remove the sericin completely without affecting the 
mechanical properties of the fibre. 
The third aim was to study the role of the cocoon components, either individually or in 
combination, for protection purposes such as mechanical protection (indentation), resistance against 
bacteria and protection against UV light. Therefore the samples that were used were raw cocoons, 
cocoons without crystals (demineralised cocoons), cocoons without sericin (degummed cocoons), 
isolated crystals and isolated sericin. Using these samples the role of each of the cocoon 
components could be studied.    
Abstract 
 
This study investigated the silk cocoon structure and its protective roles. It focussed mainly on three 
protection roles, viz mechanical protection (indentation), bacterial and UV protection.  
Firstly, the silk cocoon structure was studied using scanning electron microscopy in order to see the 
arrangement of various components of the cocoon and also how these components varied from one 
layer to another within a cocoon. This was essential to understand the cocoon design in detail. Since 
the cocoon layers provide protection against the biotic and abiotic threats, this understanding can 
help to develop materials with such protective layers. Fourier transform infrared spectroscopy 
(FTIR) was used to identify the protein structural conformations and cocoon components. It was 
found that some additional peaks were present in semi-domestic and wild silk cocoons apart from 
the peaks due to protein structure. These peaks were due to the presence of mineral deposits or 
crystals present in semi-domestic and wild silk cocoon varieties. Thermal analysis of the silk 
cocoon layers was conducted to understand their decomposition temperatures. The decomposition 
temperature of the domestic silk cocoon was lower (310 oC) than the semi-domestic and wild silk 
cocoons (350 oC). The microstructures of the silk fibres from the various silk cocoon varieties were 
studied and were found to differ. A cross sectional study of the silk cocoon fibres was also 
conducted. It was found that the cross sections of domestic silk fibres were devoid of pores while 
the semi-domestic and wild silk cocoons had pores. Also changes in the cross sectional shape, size 
and area were seen from outer layer to inner layer of the raw fibre. The study of the silk cocoon 
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structure from one layer to another has not been done before. In this study the variations of the 
various cocoon components from outer layer to inner layer were identified and correlated with 
relevant cocoon mechanical and functional properties. 
After studying how the silk cocoon components are distributed within the cocoons, the next step 
was to isolate these cocoon components. This was essential for two reasons. The first was for textile 
processes and the other was to study the protective roles of the cocoon components. The cocoon 
components were isolated using two processes – demineralisation and degumming. 
Demineralisation is the process of removing crystals and degumming is the process of removing 
sericin. Both degumming and demineralisation are important processes for the silk textile industry. 
Demineralisation has been carried out previously on wild silk cocoon variety using concentrated 
chemicals (1 M EDTA), high pH (10), high material: liquor ratio and a long treatment time of 72 h. 
In this study alternative chemical methods and new physical methods of removing crystals were 
developed. The demineralisation process for A.assamensis, a commercial silk cocoon variety, was 
optimised at pH 6-8, 1 h and 0.06 M EDTA. Ultrasonication was adapted and optimised to remove 
crystals from A.assamensis cocoons. Crystals recovered by ultrasonication were identified as 
calcium oxalate monohydrate based on FTIR, XRD, SEM-EDX and TGA studies. The effect of 
demineralisation on reeling of the silk thread from the cocoons was also investigated. 
Demineralisation alone did not help in easy reeling and some partial degumming was also 
necessary. It was observed that a higher temperature of 90 oC for an hour at 0.06 M EDTA and 
pH=6-8 were required for easy reeling of the cocoons.   
Degumming has mostly been done on domestic silk cocoon B.mori. Semi-domestic and wild silk 
cocoon varieties were difficult to degum and very few attempts were made to degum them because 
of their different amino acid composition. Since degumming silk cocoon affects the mechanical 
strength of the obtained fibre, optimising the degumming method to completely remove sericin 
without reducing the mechanical strength of the fibre is essential. In this study various chemical 
reagents such as organic acid, bases, oxidising agents, reducing agents, and wetting agents were 
used individually or in combinations to degum A.assamensis at 98 oC. The combination of base 
(0.83 %, 50 ml), sodium peroxide (0.04 %, 50 ml) and sodium dodecyl sulfate (1.6 %, 20 ml) could 
remove sericin completely at 90 oC. SEM images of the microstructures of the degummed fibres 
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were also used to assess the influence of different chemical degumming treatments. Further, 
fracture studies of degummed fibres were conducted to understand defibrillation during the 
degumming process. It was found that at 90 oC, granular breakage was dominant on the tips of the 
silk fibre broken using the tensile tester. At 98 oC, complete defibrillation at the fibre tip occurred. 
The sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed to determine the 
molecular weight based on protein bands obtained from degummed silk fibres and compared with 
the protein bands from the pure gland protein. Small molecular weight peptides at 150, 50, 37 and 
25 kDa were identified from such bands for degummed silk materials processed at different 
temperatures while the pure gland protein showed a protein band at 250 kDa. There was no 
difference observed in the protein bands of the silk fibres degummed at different temperatures 
suggesting that the dissolution process of silk in LiSCN caused the protein degradation. 
After the isolation of the cocoon components, these were investigated for their role in providing 
protection to the silkworm pupae. Mechanical properties (indentation), antibacterial and UV 
blocking of the cocoon elements were studied. Indentation properties of the silk cocoon were 
studied to understand their ability to protect them from predators by penetration. Depth of 
penetration, adhesion and elasticity of raw silk fibre cross sections and single raw fibres were 
studied using atomic force microscopy. Nanoindentation was performed and the average penetration 
depth values were calculated according to the bending of the cantilever. The results suggested that 
in domestic silk cocoon cross section, the depth of penetration in sericin was higher than in the 
fibre. The average penetration depth values of fibre were higher in B.mori silk cross section than in 
non-B.mori silk cross sections. It was also seen that there was little difference in the average 
penetration depth of fibres collected from outer and inner layers of cocoons.  The penetration depth 
values were higher in single fibres than in the cross sections.  
Antibacterial tests were conducted to understand the role that the silk cocoon components play in 
protection against bacteria. For the antibacterial tests, in vitro studies were performed using E.coli 
ATCC 11229 gram negative bacteria using the AATCC 100-2004 antibacterial test method. 
Antibacterial tests were conducted on raw cocoons, cocoons after removing crystals, cocoons after 
removing sericin, sericin solution, silk powders and isolated crystals. The results indicated that 
previously reported antibacterial properties of silk cocoons were due to residues of chemicals used 
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to isolate or purify cocoon elements. The silk sericin and silk solution were found to increase the 
bacterial growth, which was found true also with sericin in the previous studies.  
Further, the photoprotective nature of the silk cocoon components was also investigated for all the 
cocoon elements. Diffuse reflectance and UV absorbance were measured and free radicals 
generated on exposure to UV-A radiation were quantified using Photoinduced Chemiluminescence 
(PICL). It was found that sericin was responsible for UV-A absorption while silk fibres absorbed 
UV-B. Silk sericin acted as an antioxidant as fewer free radicals were generated in the raw cocoon 
than in the degummed fibre when exposed to UV-A.  
The major outcomes of this research are: 
1. Development and optimization of the demineralisation and degumming processes for semi-
domestic silk cocoon variety A.assamensis. 
2. Demonstration of UV absorbance and antioxidant activity of the various cocoon elements of 
silk cocoon varieties 
3. Clarification of antibacterial efficiency of the silk cocoon components of silk cocoon 
varieties. 
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CHAPTER 1 - LITERATURE REVIEW 
 
1.1 Introduction 
Silk is one of the most remarkable biomaterials with some varieties having better mechanical 
properties than steel [19]. Among all the silks, one class includes fibres that have a high tensile 
strength (typically 1 GN.m-2) and a relatively large elongation (20–35 %) compared to other 
biological materials, such as cellulose or collagen [21] . This class is exemplified by the cocoon silk 
of silkworms and the dragline silk of spiders.  
Silkworm caterpillars, B.mori, construct cocoons in order to protect their moth pupae against 
possible attack from the outside. Figure 1.1 shows a digital image of silk cocoons. A cocoon is a 
multilayer composite material formed by continuous twin silk filaments (bave) bonded by silk gum 
or sericin. The sericin protein envelops the fibroin fibre with successive sticky layers and ensures 
the cohesion of the cocoon by gluing silk threads together.  A silk cocoon is a natural material 
produced during the lifecycle of the silkworm.  Research has been carried out on the silk fibre 
extensively but not much scientific information is available on the material structure and properties 
of silk cocoons. Silk has been of interest to the traditional textile sector as well as the emerging 
biomaterials industry. However the protective roles provided by the silk cocoon to the silkworm 
pupae remain unexplored.  
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Figure 1.1: Digital image of silk cocoons 
www.ayuvastra.ie 
Silk cocoon offers a wide range of protection to the silkworm pupae during its immobile phase. 
Understanding the design of the cocoon structure and its protective roles can guide the formation of 
new materials and structures by biomimicking the natural structure. Such studies can then inform 
the design of protective materials such as protective textiles. It is believed that the silk cocoon 
offers protection against harmful radiations, extremes of weather conditions, pathogens and 
predators. Research, therefore, needs to prove the protective characteristics of the silk cocoon so 
that they can be used as a tool for biomimicking. Though some studies on cocoon structure have 
been reported [22], till date no studies have been conducted to understand the distribution of the 
cocoon components. In other words, three dimensional design of the cocoon has not been studied 
which is crucial for properties that are affected by the structure and composition in the thickness 
direction of cocoon shell.  
The literature review has included details about the silk cocoon structure, isolation of the various 
cocoon components and their protective roles such as indentation, antibacterial properties and UV 
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absorbance. This review chapter begins by introducing the most common silk producing insects and 
then focussing mainly on the silkworm silk. The process of silk cocoon production is then detailed. 
Next, the varieties of silk cocoons are covered, highlighting the domestic, semi-domestic and wild 
silk cocoons used for this study. Later the details of the silk cocoon structure are shown, presenting 
the various silk cocoon components and their distribution from one layer to another for the various 
silk cocoon varieties. The possible roles of each of the cocoon components (fibre, sericin and 
crystals) are then discussed. This is followed by an exploration of the physical properties and amino 
acid composition of the cocoon components which relate to their protective functions. Then, two 
methods of isolation of cocoon components are discussed in detail – demineralisation and 
degumming. Various physical and chemical methods of demineralisation and degumming have 
been covered. Finally the indentation, antibacterial and UV absorbance properties reported in the 
literature are discussed. During this review notable differences between the domestic, semi-
domestic and wild silk cocoon have been highlighted. 
 
1.2 Silk producing insects 
 
Figure 1.2: Classification of silk producing insects 
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Several insects belonging to the phylum Arthropoda produce silk for different purposes and in  
different forms such as, in the case of dragonflies, bundles of fibres are used for anchoring eggs 
[23] or threads for catching or wrapping the prey as in the case of spiders [13]. Figure 1.2 shows the 
classification of silk producing insects. In the case of silkmoths, silk cocoons are produced for 
shelter to protect the pupae against predators, extreme weather conditions (temperature and 
humidity) and other biotic and abiotic elements [23]. Although silk is produced by 30,000 known 
species of spiders [24] and 113,000 species in the insect order Lepidoptera, silk cocoons are specific 
to silkworms in Lepidopterans. 
 
Figure 1.3: (a) Spider capturing its prey   (b) silkworm forming cocoon      
                                                                                                    
http://davemackay.com/gallery/v/to+be+published/spider+with+prey+_Large_.jpg.html 
http://www.sciencephoto.com/media/371536/view 
http://www.sciencephoto.com/media/371539/view 
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Most of the silk producing insects belong to phylum Arthropoda. A large order of insects 
(silkworms, honeybee and wasps) and arachnids (spiders) are known to produce silk. Figure 1.3(a) 
shows a spider capturing its prey and (b) silkworm forming cocoons. Silk production can occur at 
various stages such as larva or adult during their lifecycle [25]. The production of silk can occur 
from different types of insect glands such as malpighian tubules, dermal glands and most commonly 
labial glands (salivary glands) at larval stages [23, 26, 27]. Moreover the silk produced has diverse 
functions such as for protection, shelter, foraging and reproduction [26]. Silkworms produce silk 
cocoons during their larval stage, using labial glands for shelter and protection purposes [25].  
Two main types of silk have been extensively investigated. One is silkworm silk and the other is 
spider silk. A spider produces upto eight types of silk to support various functions such as catching 
and wrapping its prey, supporting the web and wrapping eggs, while a silkmoth produces only one 
type of silk fibre for shelter and protection [13].  
Among various silks, silkworm silk is used for commercial textiles and biomaterials. Silkworm 
rearing is easy and conducted for mass production. On the other hand spider farming is not practical 
due to their cannibalistic nature and very small production. Although a lot of research is being 
carried out on the spider silk due to its incredible tensile strength (1.1 GPa) and elongation (30-40 
%), its practical application is also made difficult by the super contraction of spider fibres in water 
[13]. Silk cocoons are produced during the lifecycle of the silkworm. The process of cocoon 
production is shown in the next section. 
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1.3 Lifecycle of silkmoth (silkworm cocoon production)  
 
Figure 1.4: Lifecycle of silkmoth (domestic) 
http://www.zanzibartribalart.com/lifecycleofsilkworm.htm 
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Figure 1.4 shows lifecycle of a domesticated B.mori silkmoth. During the lifecycle of the silkmoth, 
the adult silk moths lay eggs after mating. The eggs hatch into caterpillar also called silkworm 
larva. Silkworm larva feeds on the host plant and starts to grow in size. The larva has a rigid 
exoskeleton, which is replaced by a new one when it becomes too tight due to rapid expansion of 
silkworm’s body in a short time. The process is called moulting. Moulting is repeated several times 
before the larva reaches its maximum development. The period in between two moulting stages is 
called instar and for commercial silkworms there are usually 5 instars. A larva is ready to spin a 
cocoon during its fifth instar. At this stage the larvae has reached its maximum growth and then it 
anchors itself to a support and starts spinning a continuous twin silk threads coated with a gum to 
produce the  cocoon around itself. The larva enclosed in the cocoon is called pupa. Pupa is an 
inactive resting stage of a silkworm where metamorphosis takes place by transformation of pupa 
into an adult. This is approximately a ten day process but the actual time can vary depending on 
variety and environmental conditions, principally the rearing temperature. After 10-12 days, the 
adult moth emerges out of the cocoon by forming an opening with the help of an enzyme that it 
releases called cocoonase. After the emergence of the moth, male and female mate and deposit their 
eggs, thus completing their lifecycles. Since the adult moth does not have a mouth, it cannot feed 
and survive for long. The moth lives for only a few days, the time needed to mate and lay the eggs 
[28]. The time involved for the completion of the lifecycle for a particular silk cocoon variety varies 
from one species to another and also varies according to the rearing temperature. 
(http://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&frm=1&source=web&cd=1&ved=0CB0Q
FjAA&url=http%3A%2F%2Fhbmahesh.weebly.com%2Fuploads%2F3%2F4%2F2%2F2%2F3422
804%2F4.life_cycle-morphology_of_non_mul-o_e_ppt_13 
14.pdf&ei=IpUbVIXHL5Xs8AWczID4BA&usg=AFQjCNFjRQi5OPzT12uP5n0adxjiUjIH_Q&sig
2=fFioa0afx0mY1lsLAIFPVw&bvm=bv.75774317,d.dGc). For example, in the case of Philosamia 
Cynthia ricini (P.C.ricini) silk cocoon variety, it takes 44 days to complete their lifecycle in 
summer and 85 days in winter. Similarly Antheraea assamensis (A.assamensis) silkmoth lifecycle 
takes 50 days in summer and 120 days in winter to complete. Wild silk cocoon variety, Antheraea 
mylitta (A.mylitta) takes 40-70 days to complete their lifecycle.  
Therefore variations of lifespan inside the cocoon during the inactive pupal stage of different 
silkworms based on rearing conditions indicate the importance of protection that a cocoon may 
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provide from extremes of temperature, humidity, pathogens and predators, particularly for the wild 
silkworm variety. 
 
1.4 Silk Cocoon 
A domestic silk cocoon is mainly composed of the outer floss and the cocoon shell itself. Only 
some cocoons, particularly wild have a peduncle which is a special long stalk for cocoon attachment 
to the host (e.g. A.mylitta) [22] as shown in Figure 1.5. The domestic and wild silk cocoons are 
categorised in the next section. The peduncle is composed of highly cross-linked fibres embedded 
with sericin gum [4]. This prevents the cocoon from falling to the ground or being blown away by 
wind and water [4]. Outer floss is a layer of loosely packed fibres covering the hard bound cocoons 
as is seen in Figure 1.5. The outer floss is generally removed as waste while cleaning the cocoons 
from dirt and dust, prior to reeling the filament for textile applications. 
                   
 
Figure 1.5: Silk cocoon showing peduncle and outer floss 
http://www.wormspit.com/blog/2008/05/06/tasar-box/ 
 
Some studies have been conducted to compare the physical and chemical properties of the outer 
floss and peduncle with that of the cocoon itself. For instance one of the studies has shown that the 
peduncle of A.mylitta has a different sericin amino acid composition as compared to the main 
cocoon shell [29]. Certain cocoon species have hairs or spines embedded in them from the body of 
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the larvae e.g. Gonometa postica (G.postica) [4]. This might play a role in providing natural 
protection against external predators such as bird attack. Figure 1.6 shows silkworm with spines 
which later form part of the cocoon and provide defence against other insects such as ants. 
 
Figure 1.6: (Left) G.postica 5th instar (Ref: http://phys.org/news/2011-05-method-unreeling-
cocoons-silk-industry.html), (Right) G.postica cocoon (Ref: www.ispot.org.za) 
 
1.5 Categories of silk cocoons 
The silk worms can be broadly classified into three types: domestic, semi-domestic and wild. 
Domestic sericulture or rearing of the silkworms is done indoors in a sheltered environment, and the 
silkworms have a constant supply of food [28]. B.mori and P.C.ricini are domestic silkworms. The 
semi-domestic worms are fed on the host tree and then brought indoors to spin their cocoons. An 
example of a semi-domestic silkworm is A.assamensis. The wild silk worms, such as A.mylitta and 
Antheraea pernyi (A.pernyi), feed and spin their cocoons in an open environment.  
 
This research is focussed on the three varieties of silkworm cocoons – the domestic, semi-domestic 
and wild. These cocoons are produced at different geographical locations and under different silk 
rearing conditions. As such, they have different structures and different physical and chemical 
properties. Wild cocoons generally have very hard shells and appear to have high resistance to 
penetration. Though important for biomimicking for protective fabrics, the hardness and penetration 
resistance properties of wild cocoons have not been extensively investigated and so there is a lack 
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of understanding of such properties and associated correlation with cocoon structure and 
compositions. The question is: Are the variation in cocoon structure and properties a natural design 
to provide protection depending on the environmental condition?  
 
The silk from domestic silk cocoons has been used in textiles over a millennia [23]. Wild silk 
cocoons have also been used in the industry to obtain silk but on a far smaller scale, due to certain 
challenges including loss of harvest to predators, higher exposure to disease and environmental 
hazards. These cocoons are difficult to reel due to the difficulty in softening their hard adhesive 
(sericin) layer which is needed in order to release the bave (twin filament). There are also mineral 
deposits on their surface [30]. It is believed that these deposits on the surface of the wild silk 
cocoon hinder reeling but more work needs to be done to confirm such hypothesis. Much harsh 
processing methods (cooking and degumming) using high concentration of chemicals and higher 
temperature are required for wild cocoons compared to the domestic cocoons. As a result the 
processing can deteriorate the mechanical strength of the fibre. Therefore new methods need to be 
developed to help remove sericin completely in wild silks that do not reduce the mechanical 
properties of the fibre.  
1.6 The process of spinning fibre and formation of silk cocoons 
A basic understanding of the spinning process is required to understand the formation of a cocoon 
structure. Spinning is the process in which silk is produced from the labial glands of the silkworm. 
In this process an insoluble filament is produced from concentrated (25-30 %), viscous, aqueous 
protein solution under ambient conditions [23]. The silkworms extrude the viscous liquid crystalline 
silk solution in a Figure 8 motion [31]. An increased pressure as well as shear and elongational flow 
is required to pass the highly viscous silk solution out of the silkworm’s spinneret causing the 
protein molecules to become aligned [32].  The continuous silk filament (known as bave which is 
composed of two filaments produced from two glands glued by sericin) forms the multilayered shell 
of the cocoon [4]. Apart from silk thread (fibroin protein) and the gummy sericin, many elements 
have been detected in the silk cocoons, including C, O, Ca, Si, Cl, S, Mg, Mo, Na and Al [33]. 
These elements may have some role in the process of silk production [34-36].   
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1.6.1 Pair of silk glands 
Silk is produced by a pair of silk glands. As shown in Figure 1.7 (a), a silk gland has three 
distinctive parts - the thin posterior part, the wider middle part and the anterior part. The posterior 
part of the silk gland produces heavy and light chain silk fibroins and a P25 glycoprotein believed 
to have a role in fibroin assembly and intracellular transport [37-39]. Then the silk fibroin is stored 
in the middle part until it is required for spinning. Sericin starts getting expressed from the low level 
in the middle part of the gland and gets fully expressed in the anterior part [40], thereby forming a 
layer around the silk fibroin core [41]. Finally the silkworm produces a silk thread from its 
spinneret in a Figure 8 pattern by moving its head. The two fibroin monofilaments (bave) produced 
from two glands and enveloped in sericin protein are shown in Figure 1.7 (b) [37]. 
 
Figure 1.7: (a) Silk gland of silkworm [1]  (b) fibroin monofilaments enveloped in sericin protein 
[2]    
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1.7 Silk cocoon varieties used in this research 
1.7.1 Scientific classification of silkmoths 
 
 
Figure 1.8: Scientific classification of silkmoths 
 
Silkworm is a common name for silk producing silkmoths larvae.  Figure 1.8 shows scientific 
classification of silkmoths. Silkmoths belong to Phylum – Arthropoda, Class- Insecta, Order- 
Lepidoptera and Super family - Bombycoidae. Bombycoidea has further eight families but among 
them only Bombycidae and Saturniidae produce natural silks (Figure 1.8). Bombycidae family can 
be classified into two genus – Theophila and Bombyx while Saturniidae family can be classified 
into various genus – Antheraea, Philosamia and others. This research is based on four cocoon 
varieties, B.mori or mulberry (based on the host plant), P.C.ricini or eri (common name of the host 
plant), A.assamensis or muga, A.mylitta or Indian tasar, A.pernyi or Chinese tasar. The domestic silk 
is referred to as B.mori silk while all the other silk varieties used in this study are referred to as non-
B.mori silks. The cocoons produced by these species not only differ in shape and size but also in 
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physical and chemical properties. The following is the description about the cocoons used in this 
research. 
 
1. B.mori or mulberry cocoons 
These cocoons are produced by the silkworm species B.mori. These worms feed on mulberry 
leaves. The cocoon formed is yellowish white in colour and oval in shape. These worms are reared 
indoors therefore they produce domestic cocoons. The worms are killed before the pupae emerge by 
hot air or steam treatments. This helps to reel the cocoon as a continuous thread. The average 
reeling length of the domestic cocoon is 1200 m approximately [6]. The silk fibres of B.mori 
cocoon are finest among silkworm silk varieties used in textile applications [6]. Figure 1.9 shows 
B.mori cocoons (left) and B.mori silkworms (right) 
 
Figure 1.9: (Left) B.mori silk cocoons 
(http://www.wildfibres.co.uk/assets/images/autogen/a_cocoon0216_7.jpg), (Right) B.mori 
silkworms (http://en.wikipedia.org/wiki/Bombyx_mori) 
 
2. P.C.ricini  or eri cocoons 
These cocoons are from Philosamia Cynthia species. The worms feed on castor leaves. These were 
once considered to be from semi-domesticated worms since the silkworms were fed outdoors and 
then transferred indoors to spin cocoons. But it is now totally a domesticated race. These cocoons 
are oval and white or brick red in colour. The average reeling length of these cocoons is 450 m 
20 
 
approximately [6]. Unlike other cocoons, eri cocoons are open mouthed and hence cannot be reeled. 
Figure 1.10 shows P.C.ricini cocoons (left) and P.C.ricini silkworm (right). 
 
 
 
Figure 1.10: (Left) P.C.ricini cocoons (www.treenwaysilks.com), (Right) P.C.ricini silkworm, 
(http://knitty.com/ISSUEspring06/FEATbombyx.html) 
 
3. A.assamensis or  muga cocoons 
A.assamensis silkworm species produce them. These are semi-domesticated. They form brown, thin 
cocoons. The average reeling length of these cocoons is 450 m approximately [6]. The 
A.assamensis cocoons are golden brown in colour. Figure 1.11 shows A.assamensis cocoons (left) 
and A.assamensis silkworm (right) 
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Figure 1.11: (Left) A.assamensis cocoons, (Right) A.assamensis silkworm  
(www.treenwaysilks.com), (http://coochbehar.nic.in/htmfiles/CoB_Seri_Muga.html) 
  
4. A.mylitta or  A.pernyi or tasar cocoons  
These are formed by A.mylitta and A.pernyi species. They are a wild variety cocoons. They form 
large, hard dark-brown, hard cocoons. The average reeling length of these cocoons is 450 m 
approximately [6]. The silk fibres of tasar cocoon are coarsest among fibres used in the textile 
industry [6]. Figure 1.12 shows (left) A.mylitta cocoons and A.mylitta silkworm (right). 
 
Figure 1.12: (Left) A.mylitta cocoon, (Right) A.mylitta silkworm  
http://inserco.org/en/types_of_silk 
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1.8 Silk cocoon and components 
A silk cocoon is composed of silk fibres glued together to form a multilayered shell.  This research 
is focussed on the silk cocoon structure and its properties. Silk cocoons are composed of two major 
components – fibroin and sericin. There are additional crystals present in the semi-domestic and 
wild silk cocoon varieties. Figure 1.13 shows a SEM image of the three silk cocoon components- 
fibroin, sericin and crystals.  A study by Chen et al. on the morphology of silk cocoons has shown 
that Antheraea cocoons have calcium oxalate crystals [22]. It is believed that the crystals are loosely 
attached to the cocoon surface [22, 42]. There are reports that in some cocoons, the crystals are 
present only on the outer surface of cocoon while in other cocoons they are present both on outer 
and inner surfaces (e.g. A.roylei) [22, 43]. The crystals found on different cocoon varieties have 
different shapes like cubic and  columnar [22].  
 
 
Figure 1.13: SEM image showing two fibroin monofilaments covered with sericin and crystals on 
their surfaces [3] 
 
                                                          
 
23 
 
 
Silk sericin acts as glue that binds the silk filaments together and also maintains the multi-layered 
three dimensional cocoon structure [44]. Sericin coated around silk fibroin fibre is a natural protein 
–based polymer produced in middle silk gland [45]. It is also called glue protein as it cements the 
silk fibres together to form a cocoon. There are also some small molecular weight proteins named 
Kunitz and Kazal proteins [46]. There are also some coloured pigments present in the cocoon 
varieties [47]. These pigments are derived from carotenoids or flavonoids which are absorbed from 
the leaves of the host plant [48, 49]. There is a belief that the Kunitz and Kazal proteins avoid 
infections in silk cocoons [46]. The coloured pigments might play a role in providing protection 
against microbes and UV radiation [47].  
 
The calcium oxalate crystals have been linked with various protective roles such as regulating the 
gas diffusion and water vapour exchange to allow metabolic acidity of pupae and to maintain 
physiological temperature by trapping the still air inside [50]. Some authors believe that sericin is 
responsible for providing bacterial and fungal protection [51]. Sericin has also been found to have 
antioxidant properties [52]. Silk fibre is known for its incredible mechanical strength, used as a 
textile and also in biomedical applications. 
 
There has not been any work done on the protective properties of all the cocoon components either 
individually or in combination in terms of their resistance against bacteria, UV light and predators. 
There is also no direct evidence provided on the antioxidant nature of the silk cocoon components. 
1.9 Protection by silk cocoons and cocoon components 
The cocoons provide an important layer of protection from the environment when the pupae are 
immobile. The cocoon shell provides optimised conditions of temperature and humidity for the 
growing silkworm. It also acts as a physical barrier to prevent attacks from predators and pathogens. 
Therefore it is expected that all the cocoon components may have some role in providing protection 
to the pupae individually or collectively. It has been proved that the cocoon membrane has the 
ability to maintain a physiological temperature regime [3]. The role of the cocoon shell in 
preventing overwintering from ice or snow [53], absorbing and trapping solar heat [53] and 
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exchange of oxygen and carbondioxide [3] has been considered. Studies need to be conducted to 
further understand such roles of silk cocoons. 
Most of the protective functions such as gas exchange by pupa [3], thermal insulation to the 
cocoons [53] and hardness have been linked to the presence of crystals but there is no hard evidence 
to prove such hypothesis. Therefore more experiments need to be done to explain the role of 
crystals in the cocoon. It was shown by Zhang et al. that the inner temperature of the cocoon was 
relatively stable against changes in the outside temperature. The wild silk cocoons showed a higher 
thermal buffer than the domestic cocoon [50]. 
There are reviews in literature on the UV absorbing and antioxidant properties of silk sericin. Use 
of sericin in cosmetics is encouraged by experimental results showing that it can inhibit apoptosis 
induced by UV radiation [52]. In vivo studies have shown that sericin from a wild cocoon variety 
(A.mylitta) could act as a photoprotective agent and an antioxidant against UV B radiation [52]. It 
was found that sericin from wild cocoon (A.mylitta) acted as a better antioxidant than sericin from 
the domestic cocoon (B.mori) [54, 55]. The free radical scavenging activity of the sericin can be 
used in making anti-aging cosmetics [56]. However, no direct evidence of photoprotection of 
sericin has been demonstrated. Therefore experimental evidence is required to approve the use of 
sericin in the cosmetic industry for sunscreens. The anti UV and antioxidant properties have been 
studied only on sericin neglecting the role of other cocoon components such as fibre and crystals 
that might also contribute in providing UV protection and also acting as an antioxidant.  
Some studies suggested that sericin can evade the growth of E.coli [51, 57-60], while others 
concluded that sericin helps to increase the E.coli growth [61-63].  Such studies on sericin have 
shown conflicting results. Therefore it is important to understand whether major cocoon 
components such as fibre forming fibroin, sericin or crystals have inherent antibacterial properties. 
Antibacterial studies on various cocoon components have not been reported in the past, except for 
sericin. Therefore antibacterial tests can be performed on all the cocoon components to study if they 
provide any resistance against bacteria. 
Fibre is mainly responsible for providing the mechanical strength to the silk cocoon. Therefore fibre 
offers a role in mechanical protection of the silk cocoon. It has been proved by Shao et al. that the 
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silkworm silk fibres, when reeled artificially, can produce stronger fibres than the fibres produced 
naturally [18]. From the stress-strain curves of B.mori and A.mylitta silks it was clearly evident that 
A.mylitta silk had lower tenacity or modulus and higher elongation/breaking extension than the 
B.mori silks. Zhang et al. showed that the wild silkworm cocoons had superior interlaminar peel 
resistance, out of plane compressive modulus and hardness to the domestic type cocoons [5]. The 
mechanical properties of the silk fibre after processing have been studied well but the mechanical 
properties of the silk cocoon as a composite have not been investigated. 
 
Therefore this research investigated three major protective properties of the silk cocoon and its 
components:  
 
1. Indentation (Mechanical properties) 
2. Antibacterial Properties 
3. UV blocking and antioxidant properties 
1.10 Structure and physical properties of cocoons 
It is essential to study the physical properties of different cocoon varieties to relate their structures 
with their protective functions. For example silks obtained from moths of different species of the 
Saturniidae family have variable morphology and tensile properties [64]. The cocoons vary widely 
in size, shape, colour, composition, structure and functions [53, 65]. All these variations influence 
the physico-chemical properties of the cocoons. These variations can be due to their occurrence at 
different geographical locations and silk rearing conditions or also due to different chemical 
composition of the silk cocoon varieties. It was found that cocoons formed in winter were more 
robust than those formed in summer [53]. Apart from Bombyx, Philosamia and Antheraea species, 
there are other silk cocoon producing species that are being researched, such as Hyalophora 
cecropia, belonging to the Saturniidae family [65], which is considered as a pest and is found in the 
vegetation of west and east coasts of  the United States. Such silk species have not been reared for 
its silk. The physical structure of these cocoons has been found similar to the wild silk varieties that 
belong to the Saturniidae family [65]. Several other moths that belong to the Saturniidae family 
[66] or other families and are pests have also been researched, and their silks’ structure and 
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composition compared with the commonly known silks [67, 68]. Studies have also been carried on 
cocoons of African wild moths to get an insight into their structure [4].  
1.10.1 Morphology and structure of cocoons 
Scanning electron microscopy has been used for the analysis of the cocoon structures of various 
species. The non-woven morphologies of cocoons were observed by Chen et al. [43]. The cocoons 
were classified according to their porosity, number of layers present and interlayer bonding between 
the multiple layers [43]. According to the porosity there are two types of cocoons – Highly porous 
(e.g. B.mori) and less porous (e.g. Saturnia pyri, Actias luna). Single layer (e.g. Cricula, Actias) and 
Multilayer (e.g. P.C.ricini) types are also used to classify different cocoons [43]. Further the 
cocoons can be classified according to the interlayer bonding between the multiple layers of the 
cocoons into strong bonding (e.g. S.pyri) and weak bonding (e.g. B.mori, A.pernyi) between the 
layers [43]. Although Chen et al. found that the interlayer bonding between the fibres in A.mylitta 
are weak, Zhang et al. showed that there is much greater interlaminar peeling resistance in A.mylitta 
when pulled apart [5]. Another work stated that the inter-layer bonding is weaker than intra-layer 
bonding in B.mori which makes it easier to peel [69]. Further Chen et al. combined the stated 
individual parameters and classified the cocoons into the following types: Lattice, Weak, Brittle and 
Tough [43]. Lattice Cocoons – These have large pores with few fused fibre bundles (e.g. C.simla), 
Weak Cocoons – Highly porous with weak inter layer bonding (e.g. B.mori), Brittle Cocoons – Low 
porosity and strong interlayer bonding/single structure (e.g. S.pavonia) and Tough Cocoons – 
Medium porosity and interlayer bonding (e.g. P.C.ricini). They have shown how the non-woven 
structures of cocoons  affect the stress-strain behaviour of these cocoons [43].  
1.10.2 Density of fibre packing in a cocoon 
Silk cocoon has a network of filaments imparting a very rough surface to the outer layer but a 
smooth surface to the inner layer e.g. A.panda [4]. Figure 1.14 (a) shows random twisting of silk 
fibres on the outer surface of A.panda. Figure 1.14 (b) shows fibre arrangement in the outer and 
inner surfaces of the cocoon showing roughness on the outer cocoon surface while the inner cocoon 
surface is smooth.  
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Based on degumming data from reeled filament from different parts of cocoons, the amount of 
sericin decreased while moving from the outer layer towards the inner layer. There was more sericin 
on the outer cocoon layer probably to provide adhesion of the cocoons to their location (e.g. B.mori) 
[69]. In the study conducted by Sen and Babu the average values for the amount of sericin present 
in the B.mori cocoon varied from 24.38 % to 10.39 %, in P.C.ricini cocoons from 10.10 % to 6.47 
%, in A.assamensis cocoons from 12.69 % to 8.57 % and in A.mylitta cocoon from 14.42 % to 8.24 
% [6]. Therefore the inner layers were tightly packed due to low sericin content in them. This can 
be seen in Figure 1.14. This variation in the amount of sericin along the fibre length calls for further 
study on the distribution of various cocoon components from one cocoon layer to another. Studying 
the distribution of these components is necessary to isolate them and then studying their roles in 
providing protection to the pupae. 
 
 
Figure 1.14: (Left) Twisting of silk fibres in A. panda [4], (Right) Fibre arrangement on outer and 
inner surface of cocoon [5] 
Some cocoon varieties (e.g. an African cocoon A.panda  shells) have numerous and large holes, as 
can be seen in Figure 1.15 [4]. The role of such holes is not yet known but these holes might have a 
role in preventing the rain water from reaching the pupae as the water can leak through the holes 
easily. The variations in the physical and chemical structure of the cocoon shells contribute towards 
variation in the moisture regain and weight loss properties [70]. Figure 1.15 shows an SEM image 
of outer cocoon wall of A.panda showing holes. 
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Figure 1.15: SEM image of outer cocoon wall of A.panda [4] 
1.10.3 Cross sectional analysis of cocoon fibres 
Various silk fibres have cross sections of different shapes. Some fibres have triangular cross section 
(e.g. B.mori), others have elliptical (e.g. A.mylitta), rectangular (e.g. A.mimosae) [4], or crescent 
shaped ( e.g. A.panda) cross sections. Figure 1.16 shows cross sections of the four silk cocoon 
varieties. B.mori silks show triangular cross section while the non-B.mori silks show elongated 
rectangular or wedge shaped cross section [6]. 
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Figure 1.16: Cross sections of silk fibres [6] 
There were pores seen in the cross sections of the fibres such as G.postica and A.panda. The pores 
were seen in cross sections of non-B.mori silks as well [6]. Figure 1.17 shows pores in the cross 
sections of the fibres. It is thought interesting to study the deformation in the cross section in terms 
of its size, shape and area and pore distribution layer by layer in the cocoon, to understand if such 
properties exhibit variations in different layers in the thickness direction in cocoons. 
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Figure 1.17: Cross section of G.postica fibres showing pores [4] 
From the cross sectional analysis of the cocoon layers it was seen and reported that there is a 
spacing in the various cocoon layers. For example in B.mori the fibres were less orderly packed 
with more spacing between the layers while the fibres from G.postica were compact with no 
spacing as seen in Figure 1.18. This could be why wild silk cocoons are more difficult to peel than 
domestic silk cocoons. It was also shown by Zhang et al. [5] that wild silk cocoons have higher 
peeling strength than domestic silk cocoons.  
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Figure 1.18: Spacing in the cocoon layers (Left) (B.mori cocoon), (Right) (G.postica cocoon) [4] 
 
The presence of microvoids in B.mori is in contradiction to the study by Sen and Babu who reported 
that B.mori silk cross section had a smooth surface [6]. It was found that B.mori contains more but 
smaller microvoids while A.mylitta silk had larger microvoids as determined by small angle X-ray 
scattering (SAXS technique) [71, 72].   
 
The current research studied the microfibrillar and nanofibrillar structures of degummed silk fibres 
and also the variation in the cross section of raw silk fibre from outer layer and inner layer in terms 
of their porosity and deformation in their shape, size and cross sectional area. 
 
 
1.11. Amino acid composition of B.mori and non-B.mori silks 
The silk cocoon structure (fibre and sericin) is composed of several amino acids, the building blocks 
of protein. The amino acid compositions of B.mori and non-B.mori silks are different.  
 
The microstructure of silk fibroin was investigated by Marsh et al. in 1955 by X-ray diffraction 
[73]. They concluded that silk fibroin has antiparallel chain pleated sheets in B.mori since this 
structure was more stable due to the formation of short, linear hydrogen bonds (H-Bonds) rather 
than a parallel sheet structure with longer and distorted H-bonds [73]. A similar structure was found 
in A.mylitta silk with difference in packing of the sheets due to their different amino acid in the 
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crystal forming domains. The crystal structure of different varieties of silk fibroins varies due to 
variation in the amino acid residues and in their sequence [74]. The crystal forming sequence in 
non-B.mori silk is polyalanine while in B.mori it is an alanine-glycine-serine sequence [75].  The 
crystallite formed by a heavy fibroin chain gave strength to the silk fibre while the amorphous 
region provided the flexibility to it [76]. 
1.11.1 Fibroin in B.mori silks 
The domestic B.mori silk fibroin is composed of a disulfide linked heavy chain and a light chain 
and also a P25 glycoprotein bonded non-covalently to the structure. The molar ratios of the heavy 
chain: light chain and glycoprotein is  6:6:1 respectively in the domestic silk fibre [77]. Three Cyst 
residues are present in silk fibroin protein complex. Two of them are involved in intramolecular 
disulfide linkage and the third is involved in intermolecular disulfide bond. The position of the 
disulfide link between heavy and light chains is between the Cys-c 20 (meaning twentieth residue 
from the carboxyl terminal) of heavy chain and Cys-172 of light chain. Another intramolecular 
disulfide is present between Cys-c1 and Cys-c4 of the heavy chain [78, 79]. The molecular weight 
of the silk fibroin light chain is 25 kDa and that of the heavy chain is 350 kDa [79, 80]. L-chain 
polypeptide has 262 aminoacid residues [79].  
 
The major amino acids present in the B.mori silk fibroin are glycine, alanine and serine. These 
constitute about 82 % of the amino acids present in which 10 % is serine. B.mori silk fibres have 
more acidic amino acid groups (e.g. aspartic acid and glutamic acid) than basic and vice-versa for 
non-B.mori silks. The heavy chain has GAGAGS as crystalline region. Figure 1.19 shows the 
aminoacid sequences of silk proteins in B.mori. 
 
Figure 1.19: Typical repetitive aminoacid sequences of silk proteins for B.mori [7]  
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1.11.2 Fibroin in non-B.mori silks 
The species belonging to Saturniidae family have only heavy chain fibroin in their primary 
structure [76]. This heavy chain fibroin has polyalanine sequences. Figure 1.20 shows the amino 
acid sequences in non-B.mori silks. 
 
This was also found by Lucas et al. that in particular, the fibroins produced by the Saturniidae 
resemble one another in amino acid content and always contain more alanine than glycine [81]. 
While non-B.mori silks have 73 % of these amino acids with a high proportion of alanine amino 
acid, P.C.ricini and A.assamensis silk fibroin have evident peaks of aspartic acid, histidine and 
arginine apart from glycine, alanine and serine [42]. Around 43 % of glycine is found in the B.mori 
silks while only 27-29 % is found in non-B.mori silks. The proportion of alanine in the non- B.mori 
silks is found to be quite high – about 34 % in A.mylitta, 36 % in P.C.ricini and 35 % in 
A.assamensis [6]. The ratio of bulky to non-bulky aminoacids and hydrophilic (polar) to 
hydrophobic aminoacids is high in non-B.mori silks [6, 42]. Figure 1.20 shows the primary 
structure of P.C.ricini fibroin. 
 
Figure 1.20: The primary structure of P.C.ricini is from a personal communication (2002) with K. 
Yukuhiro, National Institute of Agrobiological Sciences, Japan 
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1.11.3 Sericin in B.mori silks 
Sericin is hypothesised to be made of protein layers that solubilise at different temperatures. These 
were divided into outer, middle and inner sericin accounting for 15 %, 10.5 % and 4.5 % of the total 
silk protein in terms of mass respectively [41].  The sericin layer nearest to fibroin has the highest 
amount of hydrophobic (non-polar) amino acid and the one farthest to fibroin has the lowest 
hydrophobic sequences. Its molecular weight varies widely from about 10 to over 300 kDa [41]. 
1.11.4 Sericin in non-B.mori silks 
Sericin extraction in wild silk cocoons has not been explored very well. Sericins of B.mori and non- 
B.mori silk cocoons are biochemically different. It is stated that A.mylitta has sericin band in SDS-
PAGE studies at 70 kDa, 200 kDa and >200 kDa [29] while A.assamensis and P.C.ricini have low 
molecular weight sericin at 66 kDa [82]. The molecular weight of sericin obtained after autoclaving 
was between 10-200 kDa [83] and the one obtained after ethanol precipitation was between 10-97 
kDa. It was also reported that some bands at >97 kDa were observed when analysed after 
recovering sericin from industrial waste waters [84]. Therefore it can be seen that methods used for 
sericin isolation affect the molecular weight estimation of sericin protein obtained. Hence to 
understand the intrinsic properties of sericin present in native silk fibres, the methods of sericin 
extraction and recovery need to be optimised that cause minimum degradation and retain the 
molecular weight of the native sericin protein. 
1.12 Conformation in silk protein  
Silk structure has been studied before and after spinning [85]. The structure of the silk in the silk 
gland or before spinning is referred to as Silk I structure. The liquid silk structure directly from the 
gland is primarily α-helical [86]. Anti-parallel β-sheets are obtained when shear force is applied 
during extrusion of silk dope by a silkworm to produce bave for the formation of cocoons. The 
structure of silk after spinning is called Silk II structure [86].  
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Figure 1.21: (Left) schematic drawing of a silk fibre comprising two different phases, namely the 
beta sheet crystals simplified as brown antiparallel arrows, crosslinking the amorphous peptides 
shown in grey [8], (Right) Structure of polyalanine region of the model peptide, 
GGAGGGYGGDGG (A) 12 GGAGDGYGAG of polyalanine region of P.C.ricini silk fibroin 
before spinning [9] 
Several peptide models have been proposed both for B.mori and non-B.mori silks [9, 87]. The 
protein structure can be in the form of β-sheets, β-turns, α-helix and unordered structure [21]. There 
are amorphous regions linking the crystalline regions [76]. The secondary structure of proteins, the 
amount and their orientation is different in the silk varieties [21]. Raman spectromicroscopy 
revealed that GAGAGS (53 %) sequences in B.mori and (A)n (Polyalanine sequences) and GGA 
motifs in non-B.mori silks are responsible for the formation of beta sheet structure [21]. Since 
bulkier amino acids do not form part of the crystalline region due to steric hindrance, non-B.mori 
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silks have different crystalline structures than B.mori silks [6].  Figure 1.21 shows beta sheet 
structure crosslinked with amorphous region (Left), and structure of polyalanine region in P.C.ricini 
(Right). 
1.13 Microfibrillar and nanofibrillar structure of silk fibre 
A silk fibre could be fragmented with ultrasonics and was found to contain ribbon like filaments, 
which are called microfibrils [88]. It was seen that in the silkworm silks, the fibroin filaments are 
made up of bundles of nanofibrils [89]. The nanofibrils are oriented along the fibre axis [90]. A 
bundle of nanofibrils is approximately 100 nm and each nanofibril is 5 nm in diameter [89, 90]. The 
nanofibrillar structure of the silk fibres has contributed to the extraordinary extensibility of silk as it 
provides large fibre bending without fibre breakage [91]. The space between various nanofibre 
bundles has been referred to as microvoids or “canaliculi”. These microvoids have been identified 
in B.mori silk using silver sulphide staining [71]. In another study the fibres were split under acid 
treatment and also by using enzymes [92]. The mean width of the nanofibrils ranged from 90-170 
nm [91].  
1.14 Separating sericin and crystals from silk cocoon 
The methodology used in this research involved separation of the individual cocoon components 
and obtaining various samples such as raw cocoon, cocoon without crystals (demineralised cocoon), 
cocoon without sericin (degummed cocoon), sericin and isolated crystals. The isolation involved 
two main processes: demineralisation and degumming.  These processes are required to produce 
silk fibres with or without sericin for further textile processing. In this research these processes were 
investigated not for textile processing but to separate fibre, gum and crystals to investigate their 
roles in cocoon mechanical and functional properties. 
After collecting the silk cocoons, the pupae inside is killed by exposing the cocoons containing 
pupae to steam or dry heat. This is followed by cooking to soften the gum which facilitates  reeling 
of silk cocoons [93]. The cocoons are sorted carefully by their size, quality and defects before being 
reeled [93]. Reeling wild silk cocoons is a challenge due to the presence of mineral deposits and 
difficulty in removing sericin. The process of removal of crystals is called demineralisation and the 
process of removal of sericin is called degumming. Both these processes are not only essential for 
37 
 
production of silk fibres in the textile industry but are also important for removing the individual 
components and studying their protective roles. Effective demineralisation helps to obtain not only 
pure crystals but also pure gum when degumming follows an effective demineralisation process. An 
effective degumming process helps to remove sericin completely without reducing the mechanical 
strength of the fibre. Obtaining pure sericin is important since it has potential applications in 
biomedical science [94] and also as an antioxidant [56]  and antibacterial agent [51, 58]. 
1.14.1 Demineralisation  
Demineralisation enables easy reeling according to Gheysens et al. [30]. Currently the commercial 
reeling process is performed after cooking the B.mori cocoons in boiling water and in alkali for 
non-B.mori silk. This process can also remove part of the silk gum along with crystals which are not 
desired. Therefore developing new methods for crystal removal will help with efficient processing 
and retain the quality of the silk fibre.  
 
In the past not much work has been done on demineralisation methods. So far, there have only been 
a few methods used for demineralisation on cocoons with mineral deposits. In the past, 
demineralisation was performed on G.postica cocoons using 1 M EDTA and concentrated NaOH at 
pH of 10 for 72 h in 2011 [30]. As pH 10 was used for a period of 72 hours to remove crystals, 
perhaps it is not only the crystals that are removed but partial sericin removal also takes place at this 
pH which could  have assisted in the reeling of the silk cocoons. The research also showed that after 
demineralisation the fibres of G.postica cocoon could be wet reeled to completion with few breaks. 
The number of breaks was comparable to the number in industrially reeled B.mori cocoons.  In 
another study demineralisation was done on A.mylitta cocoon using 3 M HCl and 0.4 M of sodium-
EDTA solutions [3].  
 
As strong pH was used in the previous demineralisatoin investigations, and there is scope for further 
study to explore the possibility of demineralising at a less alkaline pH that can remove crystals 
without removing the sericin. As mentioned previously some researchers suggested that calcium 
oxalate crystals are loosely bound to the surface of the silk cocoon [22]. Therefore apart from the 
chemical methods, certain physical methods also need to be developed to help crystal removal. 
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Along with an effective demineralisation process it is also important to study the mechanism and 
optimum conditions of temperature and pressure for effective demineralisation. Ability to remove 
crystals without changing the structure and properties of sericin and fibre can help to investigate the 
influence of crystal on cocoon properties by running tests on cocoons before and after 
demineralisation. 
1.14.2. Degumming  
Degumming is the process of removal of sericin to obtain silk fibre. Removal of sericin partially 
helps in reeling of silk and also can provide good brightness, lustre and elasticity to the silk fibre 
upon complete removal of sericin after reeling [95, 96]. There are different methods for degumming 
silk. Degumming influences the tensile properties of the silk fibre by changing the microstructure of 
the fibroin [97]. Various chemical, physical and enzymatic treatments have been used to degum the 
silk fibre. B.mori silks are degummed for obtaining silk fibre at commercial scale as it is much 
easier to remove its gum. While commercial degumming of non-B.mori silks is challenging due to 
the tough nature of gum. 
 
1.14.2.1 Chemical methods of degumming B.mori silk 
 
Walters in 1934 performed silk degumming of B.mori using alkalies or soap e.g. sodium hydroxide, 
sodium carbonate, sodium silicate and sodium oleate and studied how sericin was removed and 
formed alkali-sericin compounds in degumming liquor [98]. Strong bases with specific pH~ 10-14 
and strong acids with specific pH ~ 1-3 have been used for degumming but this can cause 
decomposition of the fibre [98, 99]. Gulrajini et al. reported degumming B.mori using organic acids 
[100]. Succinic acid degumming resulted in improved tenacity of 3.45 g/denier compared to other 
reagents [100]. Tartaric acid degummed samples showed similar tenacity and elongation values as 
traditional soap degumming, however the fibres had higher modulus [101]. Jiang et al. degummed 
B.mori using various chemical agents such as distilled water, borate buffer, succinic acid, urea and 
sodium carbonate [97]. They found that fibres degummed by borate buffer had better mechanical 
strength (410 MPa) compared to fibres degummed by other reagents. Khan et al. degummed B.mori 
silk cocoon using citric acid [96]. Degumming with such weak acid could increase the tensile 
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strength of fibres to 507 MPa while traditional soap-alkali method decreased the tensile strength of 
the fibre to 250 MPa [96]. Wetting agents have been used along with the chemicals and have been 
found to show higher loss in gum [96] and less fibre damage,: degumming could be performed in 
less time [102, 103].  
 
1.14.2.2 Enzymatic method of degumming B.mori silk 
 
Gulrajini et al. used enzymes as mild reagents to help remove sericin. Proteases were used to 
remove gum and then combined with lipases [104-106]. Gulrajini et al. also used three different 
categories of enzymes: acidic, basic and neutral. Among all the enzymes used, the extent of sericin 
removal with alkaline enzymes was found to be at a maximum: they showed more consistent results 
in relation to the strength of the fibres. At optimum concentration of enzymes used, the time had 
little effect on degumming ability. The neutral enzymes also gave fairly good results although the 
removal of sericin was not uniform. Poor degumming was shown by acidic enzymes. Although 
enzymes provide an eco-friendly approach these are expensive for degumming treatments. 
 
1.14.2.3 Physical methods of degumming B.mori silk 
 
Physical treatments can be combined with the conventional chemical degumming. Haggag et al. 
degummed silk using conventional chemicals under microwave irradiation [99].  It was found that 
the microwave irradiation reduced the time needed to reach same degree of degumming as 
conventional methods [99]. It was concluded that degumming in microwave caused lower fibre 
damage than the conventional methods [99]. Long et al. used plasma to remove sericin [107]. They 
found that this method was more ecofriendly and saved the dosage of degumming agents, water and 
energy and thereafter also improved the degumming efficiency. However an increase of the 
discharge power up to 120 W resulted in a decrease in degumming loss. It was observed that the 
degumming loss increased with energy initially and then decreased on further exposure due to 
crosslinking of sericin in layers [107]. Mahmoodi et al. used ultrasound-chemical, ultrasound-
enzyme treatment at different temperatures to remove sericin [108, 109]. It was seen that ultrasound 
did not have considerable effect on silk degumming, but when soap or other chemicals were used it 
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increased the rate of degumming due to faster dispersion and diffusion capabilities. This technique 
was cleaner and more environment friendly. Ultrasound performed an efficient cleaning operation 
that removed dirt and sericin.  
1.14.3 Degumming of non-B.mori silks 
Degumming wild silk cocoons for silk production is another challenge for the textile industry. Very 
few attempts have been made to degum the semi-domesticated and wild silk cocoons because  
degumming these cocoons is difficult due to the presence of crystals [110]. The gum of the non- 
B.mori varieties has a different chemical composition that makes it hard to remove [29, 82, 111, 
112]. A comparative study on degumming of B.mori, P.C.ricini, A.assamensis and A.mylitta silk 
was conducted by Teli et al. which found that wild silks such as P.C.ricini, A.assamensis and 
A.mylitta contained 8-15 % sericin as compared to 25-30 % sericin in B.mori silk [113]. However 
despite lower content of gum, wild silks require longer time and higher soap or alkali in degumming 
[113]. This may be because the sericins in wild silks had different amino acid composition and 
structure than sericin in B.mori silks. 
1.14.3.1 Chemical methods of degumming non-B.mori silk 
 
In a study conducted by Sen and Babu, degumming of A.mylitta cocoon was done in water 
containing ethylenediamine to soften the hard shell of this cocoon [6]. This method was actually 
used to remove the mineral deposits in the cocoon. The study by Dash et al. used two methods [29]. 
In one method, the cut pieces of cocoon were dissolved in extraction buffer containing 8 M Urea, 2 
% β-mercaptoethanol and 2% SDS at 80 oC for 5 min. In another method the cocoon pieces were 
shaken constantly in 1 % NaCl solution overnight at room temperature [29]. The methods were used 
for sericin isolation therefore weight loss measurements or electron microscopy were not used to 
analyse degumming. These methods were repeated in this work but degumming was not achieved 
using these methods. Degumming of cecropia (the biggest silk moth of North America) was 
performed by Reddy et al. by treating the cocoons with chloroform at room temperature to remove 
any waxes on the surface [65]. The cocoons were later washed using 1 % sodium dodecyl sulphate 
to remove impurities. The fibres were degummed by treating the silk in 10 % ethylene diamine and 
0.5 % sodium carbonate solution at 80 oC for 50 min with a cocoon to solution ratio of 1:20 [65]. 
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Gupta and Rajkhowa et al. used a combination of sodium carbonate and sodium silicate for 
degumming A.assamensis and A.mylitta cocoons [114, 115]. These processing conditions reflect the 
stronger conditions of degumming required for non-B.mori silk varieties.  
 
Since degumming helps in removal of sericin/silk gum to obtain pure fibre, sericin can be recovered 
from the degumming liquor using different methods. Most of the degumming in non-B.mori silks 
has been done for sericin recovery rather than for studying the influence of degumming agents on 
the mechanical strength of the fibre. There is lack of information and understanding on the effect of 
chemical treatments on the mechanical properties of the non-B.mori silks. New methods of 
degumming non–B.mori silk cocoons need to be developed that can help in complete sericin 
removal without affecting the mechanical strength of the fibre.  
 
1.15 Isolation and recovery of sericin 
Sericin is traditionally discarded as a waste in the silk textile industry. The recovery of sericin from 
the waste and its potential uses can offer great economic and environmental benefits. As mentioned 
in section 1.9, sericin offers various protection roles to the silk cocoons. Sericin can be extracted 
from the degumming liquor by concentrating the degumming liquor first, followed by 
centrifugation to remove the fibres and then filtration to remove any impurities if present. Later 
dialysis has to be performed to remove the chemicals used in degumming that are present in the 
degumming liquor which then can be lyophilized into a powder [116].  
It is important to obtain sericin using certain methods that do not degrade sericin and retain its 
original properties in order to study its structure and properties for understanding new application 
potential as well as to study its role in pupae protection. Sericins from B.mori silk are normally 
soluble in hot, dilute alkaline solutions, but as explained already, non-B.mori silks require much 
more vigorous treatment to remove sericin.  
1.15.1 Chemical and physical methods of sericin isolation 
Yamada et al. used several methods for sericin removal from cocoon shell (B.mori) [117]. These 
methods include using sodium carbonate, soap, enzymes, urea and autoclaving [117, 118]. Among 
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the chemical methods implied the sericin was best extracted using 8 M Urea for 5 mins at 80 oC. 
Also using only water at 100 oC for 60 mins and autoclaving at 120 oC for 5 mins helped in sericin 
removal without fibre degradation. The degradation of sericin protein during degumming was 
studied by molecular weight determination using sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) [112]. Sodium carbonate (0.05 %) for 60 mins at 100 oC caused fibre 
degradation but sericin could be removed within 5 mins of treatment without fibre degradation 
[117]. This informed that prolonged degumming time could cause fibre degradation. Aramwit in 
2010 found that sericin extracted from urea gave the most clearly distinguished protein bands in 
SDS-PAGE  [119]. The thermal degradation behaviour of sericin obtained using different methods 
showed that there was an influence of the chemicals on the degradation behaviour. The endothermic 
temperature of sericin obtained from high temperature and high pressure treatments was at 220 oC 
while the one obtained from urea, acid and base was at 210 oC. Although urea treated silk fibre 
degraded faster than high pressure treated fibre, the protein bands appeared only in the urea treated 
fibre. Gulrajani et al. in 2009 [120] and Aramwit et al. in 2010 [119] used similar methods as used 
by Yamada in 2001 with additional use of citric acid to remove sericin [117]. Khire et al. in 2010 
also used alkaline degumming for B.mori and urea degumming for A.mylitta sericin extraction 
[116]. 0.02 M sodium carbonate and boiling for 60 min was used for extraction of sericin from 
A.mylitta [121].  
1.15.2 Recovery of sericin 
Sericin can be recovered from the degumming waste liquor by dialysis [116]. The  sericin recovery 
was also done using ethanol precipitation followed by alcohol evaporation and freeze drying [83, 
84]. Ethanol precipitation was found to cause less degradation of sericin protein as the precipitation 
was conducted at chilled temperature below 4 oC [51]. Membrane ultrafiltration followed by 
nanofiltration is another technique to obtain sericin [122]. Infrared heating has been used to remove 
sericin recently for B.mori and sericin has been recovered by spray drying without degradation 
[123].  But this process cannot be used commercially because large scale extractors based on 
infrared heating are not available and the cost involved for the large scale set up is high [123]. 
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1.16 Protective roles of cocoons (Indentation property) 
The mechanical properties of the silk cocoon vary from outside to the inside of the cocoon. The 
inner cocoon layer has a lower porosity (pores between the silk strands) and also the diameter of the 
silk filaments is smaller. This gives a higher elastic modulus and strength to the inner layer [124]. 
From my knowledge of current literature I believe that there are three important strategies that can 
be used by the predator to break the cocoon barrier or harm the pupae: 1) peeling the silk cocoon 
shells 2) punching through and 3) applying an impact force. In a study by Zhang et al. [5] it was 
shown that the crystals have hardness around 2 GPa and these remained intact after compression 
tests [5].  The cocoons with crystals showed higher compressive modulus than the one without 
crystals [5]. Zhang et al. [5] also showed that the delamination resistance of the outer layers in wild 
silk cocoons was higher than the inner layers in wild silk cocoons. This satisfies the requirement for 
the wild cocoon to protect the pupa against physical attack from natural predators. It was also seen 
that wild silk fibres had lower tensile strength than the domestic silk [125]. Chen et al. study also 
supports that the graded layer structure improves the impact resistance of the cocoon [126]. More 
studies are however required to understand the correlation between cocoon structure and pupae 
protection. This can be attributed to the more crystalline structure of domestic silk cocoons than the 
wild silk cocoons. The wild silk cocoons have more amorphous regions and hence show more 
elongation. Moreover inorder to study the cocoon’s mechanical protection, understanding the 
cocoon architecture (thread density and design of thread laying); the cocoon peeling strength, 
compression strength of cocoon, needle penetration and nanoindentation tests need to be done. 
Previously the peeling and compressive strength of the cocoons had been studied by Zhang et al. 
[5]. The work on needle penetration has been done by Zhang et al. and is under communication. 
Study on the nanoindentation of the cocoons has not been done previously. Studying 
nanoindentation using atomic force microscope can be used to evaluate penetration, adhesion and 
elasticity of the silk cocoon components in the domestic and semi-domestic silk cocoon varieties.  
In this research study, atomic force microscope was used to study the indentation properties of silk 
cocoon. AFM has been used by other researchers in the past to study the nanofibrillar structure of 
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silk fibres [127-129]. But indentation studies on the silk cocoon itself have not been studied so far. 
The nanoindentation studies on the silk cocoons as a whole were carried out in this study. 
Indentation studies have been conducted previously on the exocuticle of hair and wool fibres. It was 
found that in wool fibres using a silicon probe tip of k = 42 N/m at 57 % relative humidity the 
penetration was 110 nm and at 96 % relative humidity the penetration was 170 nm [11]. The 
microstructural organization of silks was revealed by Perez-Rigueiro et al. [130] using AFM which 
showed that the nanoglobules were the fundamental blocks for both the silkworm silks and spider 
silks at nanometre scale. These nanoglobules appear like nanofibres at micrometre scale. The 
nanoglobules in silkworm silk are anisotropic which helps provide stiffness to the fibre that can 
protect pupae from abiotic and biotic factors while the spider silks are isotropic that assists the fibre 
to sustain large strains [130]. Nanoindentation by AFM has been performed on reconstituted silk of 
B.mori in the form of microspheres and scaffolds [131, 132]. The silk microspheres were found to 
be very soft and elastic when nanoindentation was performed on their longitudinal and transverse 
sections [172].  
From the literature review it is clearly indicated that nanoindentation has not been carried out on the 
silk cocoons as a composite. In order to understand the topography and indentation properties of the 
silk cocoon such as penetration, adhesion and elasticity, tests need to be carried out on the silk 
cocoon and its components.  
1.17 Protective roles of cocoons (Antibacterial property) 
As discussed previously in section 1.9, silk cocoon protects the silkworm from pathogens like 
bacteria and fungi. Roy et al. [133] reported that, unlike vertebrates, silkworms are devoid of 
antigen-antibody mediated immune system. Therefore these insects have effector proteins in their 
hemolymph that can target and kill bacteria and fungi. For example, seroins and proteinase 
inhibitors are expressed in the silkworms gland and are believed to be involved in cocoon protection 
against predators and microbes [134].  It was reported that AmFPI-1, which  is a fungal protease 
inhibitor in hemolymph of wild Indian A.mylitta silkworms acts as a fungal protector [133]. 
Similarly antibacterial peptides in silkworm hemolymph also play a role in bacterial protection. 
Moricin is the example of antibacterial peptide in hemolymph of domestic silkworm B.mori [135]. 
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While presence of these peptides in silkworms suggests possible antibacterial activities to protect a 
silkworm from biological attack, it is important to understand whether such proteins provide 
antibacterial properties to silk cocoons that provide the first point of defence during the immobile 
phase of a silkworm against any invading micro-organisms. It is also important to understand 
whether major cocoon components such as fibre forming fibroin, sericin or crystals have inherent 
antibacterial properties. Such a study is relevant for designing antibacterial materials and protective 
garments by mimicking nature. 
There are several methods to determine the antibacterial activity on textile materials. Some 
qualitative methods used to determine antibacterial activity are disc-diffusion method AATCC 147-
2001 [57, 58, 136], critical dilution method [57] and parallel streak method AATCC 147-2001 [51]. 
Quantitative tests that can be used to test antibacterial activity are AATCC 100-1999, AATCC 100-
2004 [51, 137, 138].  
There are reports on investigations of antibacterial activity of silk, particularly the influence of 
sericin. Sericin extracted from P.C.ricini silk using alkali was shown to have high antibacterial 
activity [57, 59]. Antibacterial activity was found in silk sericin of Thai cocoon varieties coated on 
nylon and polyester fabrics [58]. The sericin powder from B.mori  obtained using deionised water 
was found to improve antibacterial activity when coated on bleached wool fabric using bacterial 
strain at pH 3.8 [60]. Sericin from B.mori silk extracted using a base was coated on cotton fabric 
and was also found to have antibacterial activity [51]. In addition, B.mori silk cocoon extracts in 
Tris-HCl buffer pH 7.5 were found to be antibacterial [47]. In contrast, it was found by Seves et al. 
that the raw silk buried in the soil had more bacterial growth than degummed silk [61]. Such results 
were thought to be due to the presence of sericin which was perhaps used by bacteria for its growth 
[61]. Similarly, Akiyama et al. found the growth of gram positive bacteria on silk thread used for 
stitching mouse skin and as a result it created a membrane like structure [62]. A recent study also 
suggested lack of bacterial growth of gram negative bacteria, E.coli on household spider silk [63]. 
These contrasting reports suggest that the protective role of sericin against bacteria is not very well 
understood and there could be influences from silk processing or experimental errors. The 
antibacterial action of sericin reported by some researchers could be due to the chemical extraction 
methods used to obtain sericin, or due to the pretreatment of fabric coated with sericin powder. The 
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use of sericin solution for antibacterial activity was reported in the past [57, 59]. However, none of 
the previous methods followed dialysis to remove chemicals used to extract sericin from fibres [57, 
59].  
 
1.18 Protective roles of cocoon (UV absorbance property) 
In vivo studies have shown that sericin from wild cocoon variety (A.mylitta) could act as a 
photoprotective agent and an antioxidant against UV B radiations [52]. Similarly in another study 
skin fibroblasts with and without sericin were exposed to oxidants like hydrogen peroxide or 
catalase to assess the damage caused to them due to oxidative stress. It was found that cells with 
sericin showed lower enzyme activity as compared to cells without sericin indicating sericin’s 
ability in shielding the cells from oxidative stress. It was also found that sericin from wild cocoon 
(A.mylitta) acted as a better antioxidant than sericin from domestic cocoon (B.mori) [54, 55]. It was 
proposed that the free radical scavenging activity of the sericin may be used in making anti-aging 
cosmetics [56]. Ability of silk sericin to scavenge various radicals like hydroxyl, superoxide and 
DPPH was determined using enzyme assays in which absorbance of the sericin plus oxidant 
solutions was measured before and after exposure to UV at respective wavelength to see any 
changes in the absorbance values [55, 58]. Electron spin resonance has been used to obtain peaks of 
hydroxyl free radicals to study free radical scavenging [58]. There is no direct evidence in the 
literature that explains the antioxidant nature of the silk cocoon components individually and in 
combinations. 
A silk cocoon despite its thin wall of less than 1 mm thickness, can effectively shield the visible 
light from reaching the worm in the pupal phase. It is hypothesised that apart from visible light, the 
cocoon also effectively protects the pupa from UV radiation. Based on literature survey it was 
identified that neither the influence of UV radiation on the development of the silkworm in the 
pupal phase, nor the UV blocking function of the cocoon is well understood. An insight into the UV 
blocking properties is particularly important from the perspective of designing light-weight 
structures with the ability to shield UV radiations for many applications.  
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Sericin coating is thought to be responsible for photostability of silk fibres. Sericin is used in the 
cosmetic industry because of its moisturizing, antiageing, antioxidant properties [118, 139-141]. 
Use of sericin in cosmetics is encouraged by experimental results showing that it can inhibit 
apoptosis induced by UV radiation [52]. However, no direct evidence of photoprotection of sericin 
has been demonstrated.  Sericin is removed during the silk degumming process to obtain clean silk 
fibre for textile applications and it is known that silk without sericin is susceptible to rapid light-
induced degradation [142]. The photostability of silk fibre is important to preserving the lustre and 
durability of silk products. Therefore, to obtain ultraviolet light protection in silk fabrics, UV 
absorbing materials are sometimes used to protect silk fibres [143, 144]. In a silk cocoon, both silk 
fibre and silk sericin are expected to provide UV shielding for the silkworm pupae, but their 
respective role in contributing to such protection is not yet understood. This calls for the study of 
the UV protection capacity of silk cocoons with and without sericin. The extent of exposure of a 
silkworm to UV light depends on the geographical location and the silk rearing conditions. It is not 
reported if there is any natural mechanism to shield UV radiations based on exposure level ranging 
from hot (+40 oC) to extremely cold conditions (-40 oC) or if the differences in the physico-
chemical properties of the fibre and sericin also influence the UV absorption.  
1.19 Summary      
This chapter has reviewed the silk cocoon structure and their roles in protecting the growing 
silkworm pupae. Silk cocoon varieties from different silk rearing conditions and different 
geographical locations have been studied. These can be categorised into three varieties- domestic, 
semi-domestic and wild silk cocoon varieties. These silk cocoon varieties differ in their physical 
and chemical properties. It has been believed that silk cocoon protect the silkworm pupae from 
extremes of climate conditions, UV radiation, pathogens and predators. The silk cocoon design 
needs to be studied inorder to understand its protective roles. Understanding the cocoon design and 
its ability to provide protection can help us to design a light weight breathable protective fabric by 
biomimicking approach. 
Up to now there is only limited information on the structure of cocoons particularly those of wild 
silkworms that can help to understand such hypothesis. Understanding the silk cocoon architecture 
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in terms of thread density, design of thread laying, number of layers and distribution of cocoon 
components is essential. The roles of all the cocoon elements in providing mechanical protection, 
UV protection and antibacterial protection have not been investigated previously. Understanding the 
cocoon design and its ability to provide protection can help to design a light weight breathable 
protective fabric by biomimicking approach. In some of the studies, tests have been performed only 
on one of the cocoon components, for instance only silk sericin has been tested for its antibacterial 
activity. The antibacterial tests have not been performed on the raw cocoon or the other cocoon 
elements. Similarly to study UV absorbing ability of the silk cocoons, only sericin has been tested.  
Therefore further research was required to isolate all the cocoon elements effectively to study their 
protective roles individually and in combination.  
Since it is important to isolate the cocoon components in order to study their protective roles, it was 
found that there were gaps in the isolation methods. For example in the case of demineralisation 
(method used to remove crystals), chemical methods have been used for demineralisation of a non-
commercial silk cocoon variety, Gonometa postica. In order to isolate crystals to study their 
protective roles, the crystals need to be isolated in an efficient manner. There is no information in 
the literature on the bonding of the crystals with the cocoons. If these crystals are loosely embedded 
in the cocoon structure, then it would be possible to isolate them using a physical energy instead of 
using chemical reagents. As demineralisation reported in the literature was performed at pH 10 and 
using a long treatment time upto 72 h, there is scope for further studies to use mild degumming 
conditions in addition to the use of physical energy.  Literature review also confirmed that a large 
number of degumming methods have been used to degum domestic silk cocoons but degumming 
semi-domestic and wild silk cocoons completely and without affecting the mechanical strength of 
the fibre remains a less explored area. Therefore optimizing the degumming conditions such as 
chemical agents, time, temperature, degumming ratio was seen as an opportunity for having more 
scientific insight into the area which is also important for industrial processing of such silk. The 
literature on isolating sericin suggests that there is a big challenge to recover sericin as an un-
degraded product for further analysis and use. 
Based on the gap in the literature, the study plan was prepared. Accordingly the structure of the 
cocoon was investigated in the thickness direction by removing the cocoon layers and investigating 
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how the sericin and crystals were distributed in the cocoon. Cocoon morphology was also examined 
layer by layer. The composition of crystals was investigated. It was also important for this research 
to develop ways to remove crystals and gum separately. It was also necessary to recover the crystals 
and gum for subsequent studies to understand their composition and properties. After such 
separation, raw cocoon, cocoon without crystals, cocoon without sericin, sericin solution and 
isolated crystals were tested individually and collectively for various properties. It included 
antibacterial properties, UV absorbance, and mechanical properties. Quantitative test methods were 
used to determine the antibacterial efficacy of the various cocoon components. Certain chemicals 
used in the previous studies could also contribute to the antibacterial effect. Hence it was essential 
to ensure complete removal of any chemical reagents used for various treatments prior to 
measurement of antibacterial activity. 
UV absorbance has been studied in the past only for sericin. Therefore, the use of quick and 
convenient methods was necessary for testing the properties of UV absorbance and for 
understanding the influence of various components on UV blocking properties of cocoons. Various 
cocoon components were examined in this study for the first time. Moreover, considering the lack 
of information about mechanical properties of cocoons other than tensile tests, indentation studies 
were conducted to determine the resistance to penetration or response to indents at different layers 
in silk cocoon. Such studies are relevant to mechanical protection by cocoons considering 
indentation threats from the predators such as birds. A number of cocoon varieties have been used 
for structural investigations, UV protection and antibacterial properties. The variety that has heavy 
deposition of mineral crystals has been used for demineralisation. To study the mechanical 
properties including indentation studies one cocoon variety containing crystals has been used to 
understand the influence of crystals on cocoon properties.    
This research contributes to understanding of the structure, properties and various protective roles 
of the four silk cocoon varieties. In this study the protective roles of the various silk cocoon 
components i.e. fibre, sericin and crystals were studied individually and in combination. The 
protective roles such as antibacterial protection, UV protection and mechanical protection of all 
cocoon components in four different silk cocoon varieties ranging from domestic to wild were 
studied for the first time. To study the protective roles of the silk cocoon components, these should 
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be isolated from the cocoons in a careful manner using methods that do not damage their structure 
or properties. This study developed and optimised new methods (chemical and physical) of removal 
of crystals (demineralisation) and removal of sericin (degumming) with little or no damage to the 
extracted component. In this study the cocoon structure has been examined layer by layer after 
peeling off the various layers of the cocoon. Layer by layer study of the silk cocoon structure 
provided a better understanding about the distribution of the silk cocoon components. 
Understanding the silk cocoon structure thoroughly also helped to propose improved isolation 
methods for the various silk cocoon varieties.  
The work conducted in this research has been organised into the thesis chapters outlined below: 
x In Chapter 2, the cocoon structure has been studied in detail from one layer to another for 
domestic, semi-domestic and wild silk cocoons. Layer by layer study of the silk cocoons was 
not done previously. This chapter dealt with understanding the cocoon structure and distribution 
of its components in the entire cocoon after peeling off its layers carefully. This study also 
helped to propose improved methods for isolating the cocoon components. 
x Chapter 3 discusses the indentation properties of silk cocoons – domestic and semi-domestic. 
Knowledge about indentation study on the silk cocoon as a composite material is lacking in the 
current literature.  This chapter also provided a further insight into the silk cocoon structure 
using Atomic Force Microscope. Along with the structural information (morphology) about the 
silk cocoon structure, indentation properties of the silk cocoons were also measured. These 
indentation properties explained the viscoelastic behaviour of the silk cocoon structure on 
application of a certain penetration force. This chapter also highlighted the protection role that a 
silk cocoon could offer when in contact with the predators. 
x Chapter 4 discusses mild methods of crystal removal from A.assamensis silk cocoon and chapter 5 
discusses optimisation of degumming methods for A.assamensis silk cocoon. After studying the 
structure of the cocoon and distribution of its components in chapter 2 and 3, the next step was 
to isolate each cocoon component- (crystals, sericin and fibre) carefully. The methods used 
should be such that they help to remove one cocoon component without degrading the extracted 
as well as the remaining components in the cocoon structure. The various cocoon components 
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were isolated to understand their various protective roles such as in UV protection, antibacterial 
properties and mechanical properties in the following chapters. Methods for crystal removal and 
sericin removal have not been optimised previously in the literature for A.Assamensis. 
xIn Chapter 6, the protective roles of the cocoon components against bacteria ‘E.coli’ have been 
reported. This chapter explains the protective roles of all the cocoon components. The protective 
roles of only sericin have been reported in the past. Most work on antibacterial protection of 
sericin has been done on the domestic silk cocoon variety, B.mori. In this chapter the 
antibacterial protection of all the cocoon components in all the four cocoon varieties was studied 
individually (i.e. crystals, sericin and fibre) and in combination (i.e. cocoon without crystals, 
cocoon without sericin and cocoon without crystals and sericin). 
x In Chapter 7, UV protection and free radical protection by silk cocoon components have been 
covered. There has not been any work done previously on the UV protection and Free radical 
protection of the silk cocoons at all in the literature. This chapter reports on the photoprotection 
ability of the silk cocoons and its components from the four silk cocoon varieties.   
x Chapter 8 presents the key results of the experiments conducted and recommendations for future 
work. 
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CHAPTER 2 - MORPHOLOGY AND STRUCTURE OF 
DIFFERENT LAYERS OF SILK COCOONS AND FIBRES 
 
2.1 Introduction 
As explained previously in the literature review chapter, the morphology and the structure of 
cocoon have been related to its protective functions. Higher interlayer bonding between the cocoon 
layers formed tough cocoons and vice-versa [43]. The cocoon is formed by overlaying layers which 
are formed by silk strands. There are spaces between the strands and also between the layers. Such 
spaces or pores play a role in the water uptake properties. It was found by Horrocks et al. that the 
inner surfaces of the cocoon were less permeable than the outer cocoon surface due to the more 
porous nature of the outer surface than the inner surface [145]. There are several other examples 
that show a correlation between the cocoon structure and various other properties highlighted in 
chapter 1, section 1.9. Therefore a thorough understanding of cocoon structure is essential to 
understand its protection mechanisms.  
Silkworm silk cocoons can be classified into three types - domestic, semi-domestic and wild silk 
cocoons. This classification is based on their different silk rearing conditions and geographical 
locations. Since these cocoons are produced under different environments they are expected to 
differ in their structure and properties. In this study the cocoon structure for four cocoon varieties 
has been studied but most of the further work has been carried out on the semi-domestic silk cocoon 
variety, A.assamensis since it is a commercial silk and has large amount of crystals, and crystals 
remain an important part of this study. The structure of this silk variety remains largely unexplored. 
Moreover as a silk variety in between domestic and wild silk cocoon species it can help to 
understand the various trends it follows in comparison with the domestic silk cocoon, B.mori. 
A.assamensis is produced in North East India. 
Silk cocoons are composed of various components. It has been mentioned in chapter 1 that the 
domestic silk cocoons are made up of two proteins - fibroin and sericin while the semi-domestic and 
wild silk cocoons have additional crystals in their cocoons [110]. This chapter investigates how the 
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three cocoon components - fibroin, sericin and crystals are distributed in the entire cocoon shell. 
The distribution of the various components in the cocoon layers may help to understand how the 
silk cocoons provide protection to the pupae. Upto date the arrangement of filament deposition and 
presence of crystals have been studied on the outer and inner surface of the cocoon shell of 
domestic silk variety, B.mori and wild silk cocoon variety, A.mylitta and A.pernyi [5, 30, 43]. A 
study on the semi-domesticated species A.assamensis and the domesticated species P.C.ricini which 
was previously semi-domesticated is still to be conducted. The morphologies of the crystals in 
terms of their shape and size among various silk cocoon species were studied. Cocoons have also 
been classified according to their porosity and number of layers [43]. In contrast, this study focuses 
on understanding the distribution and variation of crystals, sericin and fibre in different layers, in 
order to help in understanding if the design of cocoon structure can be related to the protection 
provided by these cocoons. The morphological study gives information about the physical 
properties of the cocoons such as fineness, shape, porosity and cross section. These properties can 
be related to the protection roles of the cocoon. Changes in protein conformations and thermal 
analysis have been done previously to compare the structure of silk before and after processing 
[110, 146, 147]. But in this study, apart from the physical structure, the chemical structure and 
thermal analysis have been done to compare different cocoon layers and also different cocoon 
varieties.  
The microfibrillar architecture of the four silk cocoon varieties was also compared in this study. The 
cross section analysis can give information about the presence of voids or pores in the cocoon fibre. 
Liquid nitrogen fracture has been used earlier to prepare the cross sections [6, 148]. This technique 
may deform the structure during fracture and change in temperature. Therefore ultramicrotome was 
used to obtain cross sections. In this study deformation in the cross sectional shape, size and area 
from outer to the inner layer has been studied for A.assamensis silk cocoon. 
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2.2 Experimental 
2.2.1 Materials and preparation 
2.2.1.1 Peeling of silk cocoons - Four silk cocoon varieties from domestic to wild species were used 
in this study. The silk cocoons (purchased from Fabric Plus Ltd. India) of the four silkmoth 
varieties B.mori, P.C.ricini, A.assamensis and A.mylitta were washed thoroughly with deionised 
water and dried in the oven at 60 oC for 18 h. Then the cocoons were gently peeled to obtain various 
layers. Figure 2.1 shows digital image of A.mylitta silk cocoon showing various layers of the 
cocoon. 
 
Figure 2.1: Digital image of A.mylitta showing peeled cocoon layers 
2.2.1.2 Preparation of degummed fibres - Degummed fibres were obtained after treating the raw 
cocoons or respective layers with 2 % (sodium carbonate (1 g/50 ml) plus sodium bicarbonate (1 
g/50 ml)) in 1:100 degumming liquor ratio at 98 oC for one hour in a laboratory dyeing machine 
(Ahiba Nuance). The liquid containing samples were filtered to obtain the samples and these were 
washed thoroughly using deionised water several times so that no residue of the chemicals (Na2CO3 
and NaHCO3) was left in the sample. 
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2.2.1.3 Sericin distribution analysis - After peeling the layers off, the cocoon layers were weighed. 1 
g of the sample was weighed from one particular layer for outer, middle and inner layers and 
degumming was performed as discussed in 2.2.1.2. After degumming, the samples were oven dried 
at 90 oC for 24 h. The percentage weight loss for each layer was calculated for various cocoon 
varieties by measuring the weight after degumming using a 5 decimal point digital balance. The 
samples were conditioned (20 ± 2 oC, 65 ± 2 % RH) for 24 hours prior to weight measurements. 
The process was repeated three times for each silk variety and the average readings were reported. 
2.2.2 Scanning electron microscopy (SEM) - SEM Supra 55VP (Germany) was used to examine the 
distribution of the three components of the cocoon - fibre, sericin and crystals in the four cocoon 
varieties. The working distance used was between 4-6 mm and the accelerating voltage was 2-3 kV. 
SEM was also used to observe the microfibrillar architecture and cross section of silk fibres. 
2.2.3 Fourier transform infrared spectroscopy (FTIR) - FTIR was used to understand the chemical 
structure of the various silk cocoon varieties. FTIR was obtained under attenuated total reflectance 
(ATR) mode using a Bruker 70 spectrometer (Etllingen, Germany) and associated software OPUS 
5.5 with a resolution of 4 cm-1 and 128 scans per sample.  
2.2.4 Differential scanning calorimetery (DSC) - DSC was also done on the four cocoon varieties to 
study the response to temperature of different layers. DSC measurements were done using a TA 
DSC Q200 (USA) with a nitrogen gas flow rate of 25 ml/min and a heating rate of 10 oC/min. 2-4 
mg of sample was used in the Al pan. The thermal behaviour of the cocoon layers of the silk cocoon 
varieties was evaluated from 30 oC to 380 oC. 
2.2.5 Cross sectional analysis – The cross sectional shape and size of the silk cocoon varieties were 
analysed. The cross section blocks were obtained by embedding 20-25 fibres obtained from a 
respective layer into the resin (epoxy) using spurr replacement kit from TAAB laboratories. These 
fibre- embedded resin (epoxy) blocks were then cured at 60 oC for 48 h. Later these blocks were cut 
with a diamond knife perpendicular to the fibre axis using ultramicrotome EMUC6 (Leica, 
Germany).  
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2.3 Results and discussion  
2.3.1 Physical appearance of silk cocoons 
Figure 2.2: Digital images of silk cocoon varieties 
Figure 2.2 shows digital images of silk cocoon. From the digital images it can be seen that the silk 
cocoon varieties differ in their shape, size and colour. The B.mori silk cocoon was oval and light 
yellow. P.C.ricini appeared to be whitish and more elongated. The A.assamensis and A.mylitta were 
brown and dark brown respectively. The domestic silk cocoons were soft and had loosely bound 
layers while the wild cocoons were very hard with tightly bound layers. Therefore it was easier to 
peel domestic and semi-domestic cocoons as compared to the wild cocoons.  
2.3.2 Morphology of silk cocoon layers 
2.3.2.1 Morphology of domestic silk cocoon (B.mori) 
 
                                              Figure 2.3: SEM images of cocoon layers of B.mori 
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The adhesion between the layers of wild or semi-domestic cocoon is stronger than the adhesion 
between the domestic cocoon layers [5]. As a result, it was relatively more difficult to peel the 
cocoon layers of A.assamensis and A.pernyi compared to B.mori and P.C.ricini. Figure 2.3 shows 
SEM images of different layers of domestic silk cocoon, B.mori. Several observations can be made 
from the SEM images. It was seen that there were no crystals present in any of the cocoon layers. It 
was also evident that the outer layer fibres were coarser while the inner layer fibres were finer. The 
outer fibres were covered with sericin giving a rougher surface while the inner fibres were much 
smoother and had a striated surface because of a small amount of sericin present on them. 
 
Figure 2.4: SEM images of cocoon layers of P.C.ricini and types of crystals  
Figure 2.4 shows SEM images of domestic silk cocoon, P.C.ricini. It was evident that there were 
large amounts of crystals present on the outer layer of the P.C.ricini silk cocoon. The crystals 
gradually decreased from the outer to the inner surface. The inner layer had more striated and 
flattened surface because of lower sericin content. It was seen that the crystals were mostly cubic 
and smooth. Some of the crystals were rhomboidal in shape. The size of the crystals varied between 
50 nm to 1000 nm. In the earlier studies by Chen et al. [22] it was seen that different cocoon 
varieties vary in their crystal size. The wild silk cocoon varieties such as A.pernyi, A.frithi, 
Hyalophora gloveri (H.gloveri) had cubic crystals with side length of 1-3 μm. Crystals of G.postica 
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were found to be 20-30 μm in length. The crystal size of semi-domestic silk variety (A.assamensis) 
and domestic silk variety (P.C.ricini) was not previously known. 
2.3.2.2 Morphology of semi-domestic silk cocoon (A.assamensis) 
 
Figure 2.5: SEM images of cocoon layers of A.assamensis and types of crystals 
Figure 2.5 shows SEM images of semi-domestic silk cocoon, A.assamensis. The crystals were 
found mostly on the outer surface. The size of the crystals present was 1-3 μm. The crystals present 
in A.assamensis were found to be larger in size than those present in P.C.ricini. The crystal 
distribution gradually decreased from outer towards the inner layer. Similar to P.C.ricini, 
A.assamensis also had a striated inner surface. Some crystals were smooth while some crystals had 
pores on their surface. 
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2.3.2.3 Morphology of wild silk cocoon (A.mylitta) and (A.pernyi) 
 
           Figure 2.6: SEM images of cocoon layers of A.mylitta and types of crystals 
Figure 2.6 shows SEM images of wild silk cocoon, A.mylitta. More crystals were present on the 
outer cocoon surface and they gradually decreased from outer to inner layer. It was also seen that 
the number of crystals present was less in those of wild silk cocoons than in the semi-domestic silk 
cocoon studied in this work. Crystals in A.mylitta were mostly cubic in shape but a few of them 
were also found to be columnar. The size of most of the crystals was between 1-3 μm. 
 
Figure 2.7: SEM images of cocoon layers of A.pernyi 
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Figure 2.7 shows SEM images of wild silk cocoon, A.pernyi. Similarly in this cocoon more crystals 
were present on the outer layer. The inner cocoon layer had a striated surface. The crystals were 
smooth. A.pernyi had crystals ranging between 1-3 μm. 
2.3.3 Fibre packing density of silk cocoons 
       
 
Figure 2.8: SEM images showing the fibre-packing density in (A) outer layers of 
cocoons and (B) inner layers of cocoons 
Figure 2.8 shows fibre packing density of the silk cocoons’ outer and inner surfaces. As seen from 
the images, the fibre is loosely packed in outer layers compared to inner cocoon layers for all 
cocoon varieties.  This also depicts that the outer layer of the cocoon has higher porosity than the 
inner layer of the cocoon.  
2.3.4 Sericin (gum) distribution 
The sericin content in different layers measured by determining the weight loss during degumming 
is presented in Table 2.1. There is a gradual decrease in sericin content from outer to inner layers 
for all cocoon varieties. This is supported by the SEM images in section 2.3.2. A study on the 
sericin distribution along the length of the filament was conducted on these silk varieties by Sen and 
Babu and they also found a similar trend of the decrease in sericin content along the length of the 
filament [6]. In this study the trend has been seen from one layer of the cocoon to another. 
A 
B
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Cocoon type 
 
Outer layer[%] 
 
Middle layer[%] 
 
Inner layer[%] 
 
B.mori 
 
37.42 ± 2.78 
 
25.48 ± 2.95 
 
21.23 ± 2.14 
 
P.C.ricini 
 
14.97 ± 4.65 
 
9.45 ± 0.62 
 
5.48 ± 1.70 
 
A.assamensis 
 
24.92 ± 3.58 
 
17.41 ± 8.06 
 
14.36 ± 1.72 
 
A.pernyi 
 
13.01 ± 1.27 
 
9.47 ± 0.62 
 
8.96 ± 1.10 
 
Table 2.1: Amounts of sericin (mean ± standard deviation) in individual peeled cocoon layers 
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2.3.5 FTIR scans of silk cocoon layers in domestic, semi-domestic and wild silk cocoon varieties 
 
Figure 2.9 (a): FTIR spectra of outer, middle and inner layers of B.mori cocoon layers where c is 
outermost, b is middle layer and a is innermost layer 
Figure 2.9 (a) shows FTIR spectra of outer, middle and inner layers of domestic silk cocoon variety, 
B.mori before degumming. In B.mori domestic silk cocoon, regions presenting peaks of Amide I, II 
and III mode are presented. Amide I region lies between 1700-1600 cm-1, Amide II is between 
1600-1480 cm-1 and Amide III lies in 1350-1190 cm-1 region [149]. The peaks in B.mori outermost 
layer were found at 1618 cm-1, 1514 cm-1, 1444 cm-1, 1228 cm-1 and 1066 cm-1. The peak at 1618 
cm-1  (Amide I), 1514 cm-1  (Amide II) and 1228 cm-1 (Amide III) can be seen in the Figure 2.9 
[150]. The peak at 1066 cm-1  shows Amide IV peak [146]. It was seen that the innermost layer had 
Amide I peak at 1622 cm-1.  
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Figure 2.9 (b): FTIR spectra of outer, middle and inner layers of semi-domestic silk cocoon layers 
where c is outermost, b is middle layer and a is innermost layer 
Figure 2.9 (b) shows FTIR spectra of outer, middle and inner layers of semi-domestic silk cocoon 
variety before degumming. In FTIR spectra of different layers of semi-domestic silk cocoon, 
A.assamensis, several peaks were seen in the outermost layer at 1616 cm-1, 1516 cm-1, 1317 cm-1, 
1236 cm-1, 1051 cm-1, 964 cm-1 and 781 cm-1. 964 cm-1 (Amide IV peak) has been assigned to 
alanine sequences [151] therefore this peak is seen in non-B.mori silk cocoons as those have 
polyalanine sequences. Apart from the peaks that were associated with protein backbone and side 
chains of A.assamensis silk cocoon, there were also additional peaks found at 1317 cm-1 and 781 
cm-1 [152]. It was seen that the intensity of these peaks decreased from outermost layer to the inner 
layer. From the SEM images of cocoon layers it was seen that the crystals gradually decreased from 
the outer layer to the inner layer, therefore these peaks can be attributed to those crystals. The FTIR 
spectra of commercial calcium oxalate monohydrate crystals showed similar peaks to that of the 
additional peaks found in the semi-domestic and wild silk cocoon as shown in chapter 4. This 
confirmed that the peaks at 1317 cm-1 and 781 cm-1 were due to the presence of commercial 
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calcium oxalate hydrate crystals. The peak at 781 cm-1 represented O-C-O out of phase bonding and 
1317 cm-1 represented asymmetric C-O stretching vibrations of calcium oxalate [152].  
 
Figure 2.9 (c): FTIR spectra of outer, middle and inner layers of wild silk cocoon layers where c is 
outermost, b is middle layer and a is innermost layer 
Figure 2.9 (c) shows FTIR spectra of outer, middle and inner layers of wild silk cocoon variety 
before degumming. In the wild silk cocoon variety, the outermost layer had major peaks at 1622 
cm-1, 1516 cm-1, 1317 cm-1, 1236 cm-1, 1055 cm-1, 964 cm-1 and 781 cm-1 [147]. Similar to semi-
domestic silk cocoon, it was found that there were additional peaks present at 1317 cm-1 and 781 
cm-1 [30]. The intensity of these two peaks reduced from outer layer to inner layer. This is similar to 
the trend observed in the SEM images of the A.mylitta where most of the crystals are present on the 
outermost layer while few crystals are present on the middle and inner layer. It was confirmed that 
the crystals were calcium oxalate monohydrate crystals. The FTIR curve for commercial calcium 
oxalate powder is shown in chapter 4.  
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From the FTIR curves it can be seen that most of the major peaks were due to aminoacid bands 
(called amide bonds). Amide I mode is due to C=O stretching. Amide I peak is responsible for 
secondary structure analysis. If Amide I peak is between 1660-1652 cm-1, then the protein 
conformation is alpha helical. Peaks in between 1648-1644 cm-1 are for random coil conformation 
[119, 153]. 1610-1640 cm-1 peaks represent the β-sheets [153]. 1622±2 and 1695±2 bands show 
that the structure has antiparallel β-sheets and 1614 is for parallel β-sheets [153]. The amide II 
region is characteristic of N-H in plane bending and C-N stretching. Amide III region involves C-H 
stretching and N-H in plane bending [110, 154].  
In the three silk cocoon varieties it was found that the peak position of the Amide I region varies 
from outermost layer (1618) to innermost layer (1622). It has been found that the peak at 1618 cm-1 
is due to weak intermolecular beta sheets [155-157] while peak at 1622 is due to strong 
intermolecular beta sheets [158-161]. Therefore it can be concluded that the innermost layer has 
stronger bonding than the outer layer in silk cocoons. In wild silk cocoon variety A.mylitta, strong 
bonding was seen in all the cocoon layers. 
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2.3.6 Thermal analysis of cocoon layers of domestic, semi-domestic and wild silk varieties 
 
Figure 2.10: DSC curves of silk cocoon varieties 
The thermal properties of the silk cocoons can be determined by DSC. It can determine the 
temperatures at which dehydration, glass transition and decomposition take place. Figure 2.10 
shows DSC curves of domestic, semi-domestic and wild silk cocoon varieties. The silk varieties 
used varied in their geographical locations and may have different response to thermal energy. 
Previously it has been found that in domestic silk, dehydration occurred at 98 oC and decomposition 
took place at 308 oC [162]. It was obtained from this work that in the various silk cocoon varieties 
ranging from domestic to wild silk, the peak at 60-62 oC represented the first endothermic peak. 
This peak was due to the evaporation of moisture from the silk cocoon [96]. In the literature 
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endothermic peak at 220 oC has been attributed to the silk sericin [119]. The minor endothermic 
peaks found between 210-290 oC represented the change in molecular motion of the silk fibroin 
chains in the amorphous region, which is known as glass transition [146]. A major endotherm is 
seen at 310 oC for B.mori, at 360 oC for P.C.ricini and at 350 oC for A.assamensis and A.mylitta. 
This large endotherm represented thermal degradation of silk proteins [146]. There is an additional 
endotherm present in all the other silk cocoon varieties except B.mori. It is found between 100-140 
oC. These endotherms could be attributed to the presence of crystals. This is because when DSC 
was performed on the commercial crystals and the cocoon crystals, an endothermic peak was found 
around this temperature which is discussed in chapter 4. It was also seen that this endothermic peak 
reduced from outer layer to inner layer. This relates to the presence of more crystals on the outer 
layer and less on the inner layers. There was no difference seen in the thermal decomposition 
behaviour of the various cocoon layers in a silk variety while there was a difference in the thermal 
decomposition temperatures among the silk cocoon varieties. The semi-domestic and wild silk 
cocoons had a higher thermal decomposition temperature than the domestic silk cocoons. 
Surprisingly the P.C.ricini had the highest thermal decomposition temperature of 360 oC, among 
the silk cocoon varieties studied. 
2.3.7 Microfibrillar architecture of silk cocoon fibres 
The raw silk cocoons were degummed to observe the microfibrillar architecture of the fibres. The 
silk cocoons were degummed as explained in section 2.2.1.2. Figure 2.11 shows SEM images of 
degummed silk cocoon fibres. It can be seen from the SEM images that the degummed fibres for 
wild silk varieties are coarser while finer for domestic silk varieties.  
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Figure 2.11: SEM images of degummed silk fibres of (a) B.mori, (b) P.C.ricini, (c) A.assamensis 
and (d) A.mylitta 
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    Figure 2.12: SEM images of microfibrillar architecture of varieties of silk fibres 
The microfibrillar architecture was also observed for domestic, semi-domestic and wild silk cocoon 
degummed fibres. Figure 2.12 shows microfibrillar architecture of degummed silk cocoon fibres. 
From the SEM images it is clearly seen that the microfibrillar architecture of the domestic, semi-
domestic and wild silk cocoon varieties is different. The microfibrillar architecture of the B.mori 
and A.assamensis silk fibre showed tightly packed nanofibrils but A.assamensis fibre had some gaps 
in the nanofibrils. In P.C.ricini silk cocoon the fibre had a striated surface but the nanofibrils were 
loosely packed, therefore gaps could be seen in the nanofibrillar pattern. In the case of A.mylitta silk 
cocoon there were bundles of nanofibrils separated by gaps. Such gaps were visible in the form of 
pores or voids in the silk fibre cross sections as discussed subsequently. 
The microfibrillar structure of the silk fibres was obtained previously by either peeling, applying 
ultrasonic energy [88] or mechanical force [72] to the degummed fibres and identified using atomic 
force microscopy [91], scanning electron microscopy and X-ray diffraction [72]. In this study the 
microfibrillar architecture of the four cocoon varieties was compared. The arrangement of 
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nanofibrils on degummed silk fibres from different cocoons was identified using scanning electron 
microscopy directly after degumming the cocoon varieties. Degumming is an essential process to 
obtain silk fibre however further processing such as peeling, ultrasonication and mechanical forces 
can distort the actual microfibrillar architecture. Therefore microfibrillar architecture was studied 
immediately after the degumming process without breaking the nanofibrils apart. 
 2.3.8 Cross section analysis of raw silk filaments 
 
                     Figure 2.13: SEM images of cross sections of silk fibres 
Figure 2.13 shows SEM images of cross sections of domestic and semi-domestic silk cocoon raw 
filaments. It is evident from the images that raw B.mori silk cocoon filaments have a more of a 
roundish cross section. P.C.ricini silk cocoon had an elliptical or wedge shaped cross section. It was 
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seen that there were no pores present in the B.mori silk filament cross section. This could be 
directly related to the microfibrillar architecture of the B.mori silk fibre seen in Figure 2.12. Since 
the B.mori silk fibre microstructure did not have any gaps in between the nanofibrils, no pores 
appeared in the cross sections of B.mori silk fibre. It is the arrangement of the microfibrils that 
gives some defects on the fibre surface such as cracks or pores. Similarly in the cross sections of 
P.C.ricini raw silk fibre, there were some pores present on the periphery of the cross section. Any 
deformation in the cross sectional shape and size has been studied previously in the cocoon varieties 
but the porosity in the silk fibres has not been discussed [6, 114]. The pores were actually the gaps 
found in between the nanofibrils seen on the striated surface of P.C.ricini. The cross section of the 
A.assamensis silk has triangular shape. There were a number of pores present in its cross sections. 
There were smaller pores along the periphery and larger pores around the centre of the cross 
section. The larger and smaller pores may be related to the wider and narrower gaps present in the 
nanofibrils of A.assamensis silk fibre. Figure 2.14 shows SEM image of the cross section of 
A.assamensis with small pores around the periphery and larger pores around the centre. 
 
Figure 2.14: SEM image of the cross section of A.assamensis with small pores around the 
periphery and larger pores around the centre 
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2.3.8.1 Deformation in the cross sectional shape, size and area from outer layer to inner layer was 
seen in A.assamensis cocoon raw cross sections. 
                       
 
Figure 2.15: SEM images of cross sections from (Left) outer layer (Right) inner layer of 
A.assamensis silk fibre 
 
Figure 2.15 shows SEM images of cross sections from outer and inner layer of A.assamensis. From 
the SEM images it could be seen that the A.assamensis outer layer had larger cross sectional area 
and was more or less triangular while the inner layer A.assamensis cross section was more 
elongated or wedge shaped and had a smaller cross sectional area.  
                                                  
Figure 2.16: Diagram of cross section of silk fibre within a circle 
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Figure 2.16 shows the cross section of a silk fibre within a circle. The deformation in the cross 
sectional shape and size was quantified using major axis of the fibre and drawing a circle. The ratio 
of cross sectional area of the fibre and the area of the circle calculates the deformation (Figure 
2.15). Based on this analogy, a fibre with a round cross section will have deformity ratio 1. A lower 
deformity ratio will indicate a cross section with a large difference between major and minor axis. 
The results presented in Table 2.2 clearly show that both cross sectional area and the deformation 
ratio decreased in fibres collected from the inner layer compared to the outer layer. It was found that 
the deformation of the outer layer fibre from a circle was 0.5 while for the inner layer fibre was 0.4. 
The data in Table 2.2 was found to be statistically significant as the p value calculated was < 0.0001 
from two tailed student’s t-test. Means were deemed statistically different at p<0.05. The outer layer 
cross section had smaller, circular pores towards the periphery and longer, elongated pores towards 
the centre (Figure 2.14). On the contrary, the inner cocoon layer raw fibre had no pores in its cross 
section. This could be because the nanofibrils are tightly packed in the inner layers leaving no gaps 
and are loosely packed in the outer layers leaving gaps that appear as pores in the nanofibrils. Sen 
and Babu et al. have shown that the A.assamensis fibre has elongated rectangular or wedge shaped 
cross section [6]. Gupta et al. also studied the cross sections of the silk cocoons of different 
varieties and found that B.mori and A.assamensis were smoother than semi-domestic and wild silk 
fibres [114]. There was no information provided about the presence of pores by Gupta et al. and 
Sen and Babu. In this research, information about the presence of pores has been provided and has 
been related with the nanofibrillar structure of the silk fibre.  
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Outer layer raw 
A.assamensis fibre 
 
Inner layer raw A.assamensis 
fibre 
 
Average Cross 
sectional area 
 
222.2±13.3 
 
146.9±15.9 
 
Deformation from a 
circle 
 
0.5±0.1 
 
0.4±0.1 
 
Table 2.2: Average cross sectional area values for outer layer and inner layer raw A.assamensis 
fibre and also their deformation 
2.4 Conclusion 
The silk cocoon structure could be understood for all four cocoon varieties ranging from domestic, 
semi-domestic and wild silks. The domestic silk cocoons were easiest to peel while the wild silk 
cocoons were hardest to peel. Scanning electron microscopy was a vital technique to study the 
distribution of the cocoon components - fibre, sericin and crystals. From SEM, it was found that the 
number of crystals and sericin gradually decreased from the outer layer towards the inner layer. The 
outer layer was also found to have a rough surface while the inner layer had a striated surface as 
visible from SEM. Also it was seen that the size of the crystals varied in decreasing order, 
wild>semi-domestic>domestic. The morphology of the crystals was also different in the different 
cocoon varieties. Some crystals were smooth, some were columnar, rhomboidal and some have 
pores in them. The FTIR spectra of domestic silk cocoon showed amide peaks while the FTIR of 
semi-domestic and wild silks showed additional peaks due to crystals along with the amide peaks. 
The intensity of the FTIR peaks due to crystals reduced from the outer layer to the inner layer in a 
cocoon variety since the amount of crystals gradually decreased from outer layer to inner layer. The 
thermal analysis on silk cocoon varieties showed several endothermic peaks. The major endotherm 
that indicated the decomposition of the silk fibre was found at 310 oC for domestic silks and at 350 
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oC for semi-domestic and wild silks. Apart from the endothermic peak due to the silk fibre, some 
additional endothermic peaks were seen at 100-140 oC, which were due to the crystals present in the 
silk species and also the intensity of the peaks reduced from outer layer to inner layer according to 
the crystal content. The cross sectional area, shape and size also reduced from outer layer to the 
inner layer of semi-domestic silk cocoon A.assamensis. Cross sections were more deformed from 
circular in the inner layers with a large difference between the major and the minor axis. The 
number of pores in the fibre reduced towards the inner layers.   
After understanding the distribution of the silk cocoon components in the various cocoon varieties, 
the next step was to isolate those in order to study and understand their protective roles provided to 
the silkworm pupae. 
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CHAPTER 3 - INDENTATION PROPERTIES OF SILK COCOONS 
 
3.1 Introduction 
Studying the cross sections of the silk cocoon filaments in the previous chapter gave information 
about the presence of pores and their distribution in the cocoon varieties. The change in the cross 
sectional shape and size from outer layer to inner layer of the cocoon was studied in A.assamensis 
in the previous chapter. The cross sections of the silk cocoon varieties were further used in studying 
the resistance to indentation by the silk cocoon to understand its protective nature against predators. 
Mechanical properties on the silk fibres have been studied using tensile testers and also atomic 
force microscopes but only limited studies have been performed on the mechanical properties of the 
composite structure of the raw silk cocoon shell. So far only tensile and compression properties of 
the cocoon shell have been reported [5]. Indentation using Atomic Force Microscope (AFM) has 
potential to measure detailed micromechanical properties of soft biological materials like silk 
cocoons [163]. AFM technique has also been used to image the topography of the silk cocoon 
[164]. There are several advantages of using AFM over SEM. Using AFM, the 3-D imaging of the 
samples can be done at atmospheric pressure unlike SEM in which vacuum is used. No special 
preparation is required to image the samples under AFM. There is also a possibility of scanning 
samples in controlled environment and also under liquids. AFM can image softer samples without 
destroying them. AFM not only helps in generating three dimensional images [164, 165] but also 
can be used to measure material surface properties such as elasticity, stiffness and nanoindentation. 
This technique has been used for various materials such as polymers, metals, semi-conductors, 
glasses and biomaterials [164].  
The AFM consists of the following parts - the cantilever, the cantilever tip, the piezo and the 
detector (Figure 3.1). A sharp tip is located at the free end of the cantilever that scans over the 
sample. The tip senses the forces that exist between itself and the sample. The piezo, also called a 
Z-scanner, or a positioner, helps to move the probe along the Z-axis (Z-travel) and also controls the 
probe-sample distance by expanding or contracting in X, Y direction. The forces between the tip 
77 
 
and the sample cause the cantilever to bend or deflect. The cantilever bending/deflection is detected 
by the detector using an optical technique in which a light beam from a laser diode bounces off the 
back of the cantilever onto the position sensitive photo detector. The topographical image is based 
on the Z-motion of the scanner to either keep the force or cantilever deflection constant using the Z-
feedback loop mechanism. In other words the sensed interaction can be correlated to the distance 
between the sample and the tip. This means that if the force is strong, the distance between tip and 
the sample will be small or if the tip-sample distance is small, the force is greater. This variation in 
tip-sample distance according to the interactions or the forces that exist between them can map the 
topography of the sample surface and is recorded in the form of topographical images [166]. There 
is a feedback loop generated during the working of the AFM that works in a similar fashion to 
human receptors (Figure 3.1). In human body system, the finger tips act like a probe, the arm acts 
like piezo and the brain is a detector.  
 
Figure 3.1: (Left) A typical image showing different components of AFM [10], (Right) Human 
body system as an example of a feedback loop where the finger acts as a tip, arm act as a piezo and 
brain act as a detector 
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The scanners are made up of a piezoelectric material that can expand and contract according to the 
polarity of the applied voltage [166]. 
In the nanoindentation tests, raw silk fibres and raw silk fibre cross sections were used to 
understand the indentation properties for B.mori and A.assamensis cocoons. B.mori raw silk fibres 
were chosen since significant amount of sericin is present in them, therefore it was easier to 
distinguish between the indentation properties of sericin and fibre of B.mori. Although there is not 
much sericin present in A.assamensis, but this variety was chosen in the study to find the difference 
in indentation properties of domestic and semi-domestic silk cocoon. The indentation properties of 
the domestic (B.mori) and semi-domestic (non-B.mori) were studied inorder to understand the 
penetration resistance offered by the two cocoon varieties produced at different environmental 
conditions.  
3.2 Materials and methods 
3.2.1 Instrumentation 
A Digital Instruments Dimension 3000 AFM was operated in Tapping Mode in air using silicon 
point probes with a nominal cantilever spring constant of 42 N/m and with a square pyramidal tip         
[10, 11]. The same tip was used for all the indentation tests performed. In the tapping mode the 
height and amplitude images were captured with a scan rate of 1 Hz. The height image gives 
information about the topography of the sample while the amplitude images inform about the 
changes in the amplitude due to tip-sample interaction [12]. The images were acquired on three 
different spots (15x15 μm). The measurements were done under ambient conditions in air.  
3.2.2 Sample preparation 
3.2.2.1. Cross sections 
Cross sections of raw cocoon fibres were used for the nanoindentation studies. To obtain the silk 
fibre cross sections the procedure explained in section 2.2.5 in chapter 2 was used. Figure 3.2 shows 
resin (epoxy) block fixed in a custom built frame. The cross sections were fixed in a custom-built 
frame to hold the resin (epoxy) blocks with the help of a screw. The frame was placed on the stage 
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with the help of a magnet. The cross sections of raw fibres of B.mori and A.assamensis were used. 
The tests were performed on the cross sections to study the penetration behaviour of the cocoon 
components i.e. fibre and sericin along the fibre axis. 
 
Figure 3.2: Digital image of epoxy resin block fixed in a custom built frame 
3.2.2.2. Raw fibres 
Raw silk fibres were obtained by reeling them from the respective cocoon layers and were fixed on 
the glass slides using a double sided adhesive tape from Sellotape. Then the glass slide after 
mounting the single fibres on it was placed on the AFM stage using two magnet dots at each end of 
the glass slide to fix the glass slide properly [11]. A.assamensis raw silk cocoon fibres from outer 
and inner layers were used. The tests were performed on the outer and inner layers of the raw fibres 
to study the penetration behaviour of the fibre and sericin, perpendicular to the fibre axis. The focus 
was on studying the A.assamensis silk cocoon variety as there is a thin layer of sericin in these 
cocoons because of lower sericin content (Table 3.2). The tip of the cantilever can be probed only 
upto a certain depth (upto 20 nm). Therefore the penetration on sericin in perpendicular direction 
was studied by probing the outer layer. The inner layer was probed to study the fibre as the sericin 
layer was very thin in this layer. Since B.mori contained large amount of sericin, it was not possible 
to distinguish between the penetration of fibre and sericin in perpendicular direction to the fibre axis 
because the probe was always in contact with sericin and not the fibre due to its small depth of 20 
nm.  
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3.2.3 Calibration of the position sensitive photodetector 
Before performing force-distance tests on the sample itself, the position sensitive photodetector was 
calibrated by doing a force distance measurement on a hard material (glass). A low trigger of 20 nm 
was used for the glass. Since glass is a stiff material, the cantilever deflects in a unit proportion to 
the force applied and hence the slope=1. For calibration, every 1 nm of cantilever deflection is 
matched with every 1 nm of Z-travel, indicating that the sample is stiff and therefore no penetration 
has occurred [11]. 
3.2.4 Force distance and force volume curves 
Force volume mode was used to collect 256 force curves over a 10 μm x 10 μm area. At least three 
force-volume plots were recorded for each sample. The force curves are collected in arrays over the 
sample surface, exhibiting a map of the patterns of adhesion and penetration on the sample [127]. 
The forces are measured in AFM using Hooke’s Law. It is known that the probe/tip placed on the 
end of the cantilever is considered to be a spring. The magnitude of force existing between the 
probe and the sample depends on the spring constant (stiffness) of the cantilever and the distance 
between the probe and the sample surface. This force can be described using Hooke’s Law [12]. F= 
-Kx; where F=Force, k=spring constant, x=cantilever deflection.  
3.3 Results and discussion 
3.3.1 Topography and indentation on cross sections of silk varieties  
Topographical analysis and nanoindentation studies were done on the cross sections of the raw silk 
fibres. Specifically, force distance curves and force volume analysis were done on domestic raw silk 
cocoon fibres, B.mori and fibres from semi-domestic silk cocoon, A.assamensis to compare their 
mechanical properties. 
AFM operates in three imaging modes: contact mode, tapping mode and non-contact mode [166]. In 
contact mode the tip is always in contact with the specimen (repulsive forces exist), in non-contact 
mode the tip is not in contact with the specimen (attractive forces exist). In this study the tapping 
mode was used in which the cantilever oscillates near its resonance frequency and touches the 
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specimen periodically. Therefore both attractive and repulsive forces exist in the tapping mode. In 
this mode the cantilever is oscillated above the specimen but in contrast to the non-contact mode, 
the tip periodically touches the surface. The tapping mode is suitable for imaging biological 
samples since it doesn’t damage the specimen by reducing the lateral forces [167].  
Force spectroscopy was used to analyse penetration (indentation), adhesion and elastic properties of 
the surfaces. In force spectroscopy technique, a force distance curve at each (X, Y) data point on the 
sample over a fixed region is generated. The force distance curve is a plot of force or deflection or 
amplitude of the cantilever in the Z-direction as a function of tip-sample separation in Z direction 
(or the movement of the Z-scanner). In simple terms force curves are obtained as cantilever 
deflection versus Z-travel [10]. The data point (Z) for the force distance curve along with the 
topographical data (X, Y) is called force volume. The value at this point is the force of the 
cantilever at that position in space or at a given height. Force volume provides the force 
measurement and the topology simultaneously [168]. The force curves are obtained by approaching 
and retracting the tip from the sample while recording the deflections of the cantilever [167]. A 
typical force distance (f-d) curve is explained in Figure 3.3 [11]. 
 
Figure 3.3: Schematic of an f-d curve [11] 
82 
 
Figure 3.3 shows schematic of an f-d curve. The X-axis represents the Z travel of the scanner while 
the Y axis represents the cantilever deflection. At the position A, the tip is not in contact with the 
surface and therefore there is no cantilever deflection. As the probe is brought closer to the surface, 
the tip jumps to come in contact with the surface due to attractive force (position B). Once in 
contact the cantilever deflects as the scanner is brought to the surface (position C). If the cantilever 
is stiff relative to the sample (i.e. the sample is soft) it will indent the surface. This gives the 
measure of nanoindentation. After the cantilever deflection the process is reversed. As the scanner 
is withdrawn, the tip may adhere to the surface, causing negative deflection of the cantilever (point 
D). At point E, the adhesion is broken and the cantilever deflection becomes zero. This method is 
also used to analyse adhesion of surface and surface penetration/indentation. Measure of 
indentation/penetration can be calculated by plotting a graph between deflection and Z-travel as is 
seen in Figure 3.3 [11]. Figure 3.4 shows a force curve showing penetration. Indents on the sample 
surface after carrying out the force volume analysis give information about the elasticity of the 
material. If the indents are visible as narrow indents, the sample surface is viscoelastic [11]. Clear 
wide indents suggest that the surface is plastic and no indents on the surface mean that the surface is 
elastic.  
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Figure 3.4: A typical force curve (solid line) for a sample which is penetrated by the AFM tip. The 
force curve with dashed line is also shown when the tip encounters a hard surface (glass) and 
schematic drawings of the relative positions of the AFM tip and the sample surface as related to the 
force curves [12] 
3.3.1.1 Topography and indentation on cross sections of raw B.mori silk  
Figure 3.5 shows topography of raw B.mori silk fibre cross sections before and after indentation at 
various spots. The images at only two different spots are shown here at 15 μm scale. From the 
topographical images the indents are clearly seen on the resin (epoxy) part, suggesting that the resin 
(epoxy) is a very soft material. On the sericin and the fibre the indents are not very clear. Therefore 
the surface of the fibre and sericin appears to be more elastic. Vertical lines on the fibre surface are 
also seen, which are the marks from the diamond knife. Further exact penetration values for all the 
three materials - fibre, sericin and the resin (epoxy) were determined. The average penetration and 
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adhesion values for resin (epoxy), fibre and sericin of domestic silk cocoon obtained during AFM 
imaging are shown in the Table 3.1. 
 
Figure 3.5: Topographical images of cross sections of raw silk fibres of B.mori at 15 μm scale 
(Left) before indentation, (Right) after nanoindentation  
 
85 
 
 
Raw B.mori cross section 
 
Resin (epoxy) 
 
Fibre 
 
Sericin 
 
Average penetration (nm) 
 
37.60 ± 3.46 
 
16.68 ± 2.29 
 
21.47 ± 3.03 
 
Average adhesion (nm) 
 
3.30 ± 0.70 
 
2.39 ± 0.82 
 
2.93 ± 0.68 
 
Table 3.1: Average penetration and average adhesion values for resin (epoxy), fibre and sericin in 
domestic silk cocoon cross sections 
From Table 3.1 it can be concluded that the average penetration values follow the order of resin 
(epoxy)>sericin>fibre in cross sections of raw fibre for domestic silk cocoon. This means that 
sericin is softer than the fibre in cross sections of raw fibre for domestic silk cocoon. Since the 
indents can be seen on the resin (epoxy) part of the cross section, it informs that the material is 
plastic as it does not recover to the original shape and is left with an indent. While in case of fibre 
and sericin very small indents can be seen, therefore their surface has strong elastic components as 
there is no permanent deformation on the surface and the surface can recover itself. Student’s t-test 
was performed on the data to see the statistical significance of the data. The number of spots on the 
fibre and sericin from which the average penetration and adhesion values were calculated were 229 
and 105 respectively for B.mori. P< 0.0001 was found on the two tailed t-test, suggesting that the 
differences in the penetration and adhesion values between the fibre and sericin were statistically 
significant. 
3.3.1.2 Topography and indentation on cross sections of raw fibre of A.assamensis silk  
Further the topography and the force volume analysis was done on both outer layer and inner layer 
cross sections of raw fibres of semi-domestic silk cocoon, A.assamensis. Figure 3.6 shows 
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topographical images before and after indentation on cross sections of outer layer raw fibres of 
semi-domestic silk cocoon A.assamensis. In the topographical images of cross sections of outer 
layer raw fibres of semi-domestic silk cocoon, it is difficult to find the sericin layer because the 
semi-domestic silk cocoon has a small amount of sericin as was found by conducting quantitative 
estimation of sericin for different silk varieties in chapter 2, section 2.3.4. 
 
Figure 3.6: Topographical images of cross sections of raw silk fibres of A.assamensis (outer layer) 
at 15 μm scale (Left) before indentation, (Right) after nanoindentation 
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Table 3.2 shows the average penetration and adhesion values for resin (epoxy) and fibre for outer 
layer cross sections of raw A.assamensis fibre. The average penetration and adhesion values for 
outer layer fibre cross sections of A.assamensis were obtained as 12.0 nm and 2.1 nm respectively. 
The number of spots on the fibre and epoxy resin from which the average penetration and adhesion 
values calculated were 491 and 189 respectively for outer layer A.assamensis cross section. P< 
0.0001 was found in the two tailed t-test, indicating that the differences in the penetration and 
adhesion values between the fibre and epoxy resin were statistically significant. 
 
 
 
A.assamensis outer layer cross section 
 
Resin 
 
Fibre 
 
Average penetration (nm) ± Standard deviation (S.D) 
 
36.03 ± 3.45 
 
12.06 ± 3.15 
 
Average adhesion (nm) ± S.D 
 
7.12 ± 2.17 
 
2.16 ± 1.14 
 
Table 3.2: Average penetration and average adhesion values of resin (epoxy) and fibre embedded in 
cross sections of A.assamensis (outer layer raw fibre) 
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Figure 3.7: Topographical images of cross sections of raw silk fibres of A.assamensis (inner layer) 
at 15 μm scale (Left) before indentation, (Right) after nanoindentation 
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A.assamensis inner layer cross section 
 
Resin (epoxy) 
 
Fibre 
 
Average penetration (nm) 
 
34.54 ± 3.19 
 
12.35 ± 3.92 
 
Average adhesion (nm) 
 
6.87 ± 1.22 
 
2.2 ± 1.82 
 
Table 3.3: Average penetration and average adhesion values of resin (epoxy) (epoxy) and fibre 
embedded in cross sections of A.assamensis (inner layer raw fibre) 
 
Force volume analysis was also done on the inner layer raw fibre of A.assamensis. It was found that 
the average penetration and the average adhesion of the inner layer fibre cross sections were 12.3 
nm and 2.2 nm respectively. From comparing the data obtained in Tables 3.1 and 3.3; it was seen 
that there was no significant difference in the penetration and adhesion values of the outer layer raw 
fibre cross sections and the inner layer raw fibre cross sections of the A.assamensis as the p value 
from two tailed t- test was 0.27 which is > 0.05.  
The number of spots on the fibre and epoxy resin from which the average penetration and adhesion 
values calculated were 310 and 271 respectively in inner layer A.assamensis cross section. P < 
0.0001 was found in the two tailed t-test, suggesting that the differences in the penetration and 
adhesion values between the fibre and epoxy resin were statistically significant in inner layer raw 
fibre of A.assamensis (Table 3.3). 
On comparing the average penetration values of the cross sections of raw domestic and semi-
domestic silk fibres, it was found that silk fibre cross section of domestic silk had higher penetration 
(16.68 nm) and adhesion (2.3 nm) than the semi-domestic silk (Table 3.2, Table 3.3). 
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3.3.2 Analysis of indentation on the raw single fibre 
Further the indentation studies were performed on silk fibres. These studies on the raw fibre of 
outer and inner layers of the cocoon were done to understand any difference in the penetration due 
to sericin. As the raw fibre from the outer layer has more sericin and the inner layer fibre has less 
sericin there can be variation in the penetration behaviour. Figure 3.8 shows the topographical 
images for the raw fibre from the outer layer of A.assamensis before and after indentation.  
 
Figure 3.8: Topographical images of cross sections of raw silk fibres of A.assamensis (outer layer) 
at 5 μm scale (Upper): before indentation, (Lower): after nanoindentation 
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The surface property of the raw single fibre from the outer layer of A.assamensis silk showed 
viscoelastic surface as indents could be seen on the surface while in the case of cross sections of 
raw fibres the indents were very light that showed that the surface property of cross sections was 
more elastic than the single fibre itself. The surface of the outer layer A.assamensis filament 
appeared to be rough due to the presence of a sericin layer on the fibre (Figure 3.8).  
Similarly the topographical images of the raw fibre from the inner layer of A.assamensis are shown 
in Figure 3.9. The images show a striated surface since the amount of sericin present in the inner 
layer of silk cocoon filament is less and the surface appears viscoelastic as very small indents are 
seen in the form of slits. 
 
Figure 3.9: Topographical images of cross sections of raw silk fibres of A.assamensis (inner layer) 
at 5 μm scale (Upper): before indentation, (Lower): after nanoindentation 
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A.assamensis 
 
Outer layer fibre 
 
Inner layer fibre 
 
 
Average Penetration (nm) ± S.D 
 
74.75 ± 34.34, 
101.36 ± 42.51 
 
102.23 ± 14.60, 
383.05 ± 33.1, 
425.43 ± 58.45 
 
Average Adhesion  ± S.D 
 
25.32 ± 20.56 
 
1.59 ± 0.67, 
2.04 ± 1.76, 
3.35 ± 2.88 
 
Table 3.4: Average penetration and average adhesion values for outer and inner layer fibre of 
A.assamensis silk  
The penetration and adhesion values for outer and inner layer raw fibres of A.assamensis were also 
analysed and are presented in Table 3.4. It was observed that the average penetration and adhesion 
values on the single fibre of outer layer and inner layer showed a lot of variations and therefore the 
standard deviation was high. This can be because the AFM tip became blunt and therefore was in 
contact with more than one atom at a time. Since the sericin layer is thin in A.assamensis, the signal 
picked up by the tip either can be from sericin or from fibre when it approaches the raw fibre 
surface. Therefore several variations were seen in the penetration values. Therefore the penetration 
behaviour of sericin in A.assamensis could not be studied because of thin sericin layer. Further 
studies are warranted to understand the penetration on sericin of A.assamensis. Also the penetration 
studies can be conducted in the future on the single fibres of B.mori to understand the difference in 
their penetration behaviour from semi-domestic silk cocoon variety. 
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It was found that the penetration values are much higher on the raw single fibre than in the cross 
sections of raw fibres in semi-domestic silk cocoon variety. This can be explained on the basis of 
application of force in the direction of the nanofibrillar architecture (transverse) or perpendicular to 
the nanofibrillar direction (axial). Since in the cross sections, the force is applied in the direction of 
the nanofibrils, less penetration occurs. In the case of single fibre the force applied is perpendicular 
to the direction of nanofibrils, therefore more penetration occurs. 
3.4 Conclusion 
Atomic force microscope was used to measure the mechanical properties of the cross sections of 
raw silk fibres and on the raw single fibre to understand the difference in the indentation properties. 
Comparison was made in the average penetration and average adhesion values of fibre and sericin 
from domestic and semi-domestic silk cocoons. It was found that sericin had higher penetration 
depth (21.47 nm) and adhesion (2.93 nm) than the cross section of raw silk fibre from domestic silk. 
It was also observed that average penetration (16.68 nm) of the cross section of raw domestic silk 
fibre was higher than in the semi-domestic fibre. There was no difference in the penetration and 
adhesion values of the cross sections of outer and inner layer fibres of semi-domestic silk. On the 
single fibre studies lot of variation was seen in the penetration values. Since the sericin layer is thin 
in A.assamensis, the signal picked up by the AFM tip either can be from sericin or from fibre when 
it approaches the raw fibre surface. It was concluded that the penetration values are much higher in 
the fibre axis direction (in single fibre) than in cross sections in semi-domestic silk cocoon variety. 
This can be explained on the basis of application of force in the direction of the nanofibrillar 
network (transverse) or perpendicular to the nanofibrillar direction (axial). Since in the transverse 
direction, the force is applied in the direction of the nanofibrils, less penetration occurs. In the axial 
direction the force applied is perpendicular to the direction of nanofibrils, therefore more 
penetration force is required. Also the surface of cross section is more elastic while that of the 
single fibre is more viscoelastic. 
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CHAPTER 4 - ISOLATION OF COCOON COMPONENTS – I 
DEMINERALISATION (REMOVAL OF CRYSTALS) 
 
4.1 Introduction 
The packing density of fibres and distribution of sericin and crystals in various silk cocoon varieties 
have been discussed in chapter 2. Qualitative assessments on the content of sericin and crystals in 
different layers were made based on microscopy and spectroscopy techniques.  In this chapter, work 
on separation of crystals has been included.  Objectives of effective separation of sericin and 
crystals were to determine cocoon properties with or without these elements in order to understand 
their role in protection provided by the silk cocoons. Separation of sericin and crystals is needed 
also for further processing of silk fibres in textile and other applications.  The isolation of crystals is 
known as demineralisation and the process of removal of sericin to obtain silk fibre is called 
degumming. Demineralisation has been believed to help in easy reeling of the silk cocoons in the 
textile industry and degumming is often required both for reeling as well as dyeing and finishing of 
silk and to provide soft handle to silk textiles. In the production of yarn and fabric from semi-
domestic and wild silk cocoon varieties, complete degumming is not desired so that the natural 
colour, handle and crispiness of the native silk thread can be retained. Currently the commercial 
reeling processes for the semi-domestic silk cocoons, A.assamensis and wild silk A.mylitta are 
performed after boiling the cocoons in alkali to remove part of the silk gum and the crystals [67]. 
The commercial reeling process involves the use of alkali that has the tendency to remove the silk 
gum and also further degrade the fibre mechanical properties. Therefore if demineralisation alone 
can help reeling silk filament out from the cocoons it would have advantages for textile 
applications. It has been reported by Gheysens et al. that demineralisation alone could ensure easy 
reeling of the cocoons [30] however high concentration of EDTA (1 M) and alkaline pH of 10 and 
more than 24 h of processing were needed.  Reeling after demineralisation was performed using the 
EDTA process for G.postica [30] silk, a non-commercial silk cocoon variety, but the method needs 
to be optimised for commercial silk cocoon varieties such as A.assamensis and the process also 
needs to be milder in nature to retain intrinsic properties of silk fibres. From literature searches it 
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can be concluded that pH=10 is a highly alkaline condition in which the silk gum, sericin is 
partially disintegrated, which helps reeling as reported for G.postica cocoons. This work focused on 
using a milder condition to retain the sericin during the demineralisation process and perform 
reeling at the same time. Later the effect of demineralisation on the reeling of these cocoons was 
studied using commercial reeling systems.  
Along with mild chemical methods, physical methods have the potential for separation of crystals 
which are believed to be loosely attached to the cocoon surface [9]. Ability to remove crystals by 
physical methods and maintain their structural integrity helps to study the crystal structures and 
understand their protective roles provided to the pupae including thermoregulation [3]. Therefore 
developing demineralisation method that can help to isolate the crystals efficiently and in pure form 
was important. In particular, sericin needs to be retained after demineralisation, which cannot be 
done using conventional demineralisation methods [98]. An ideal demineralisation process can also 
help to obtain pure sericin if demineralisation is followed by degumming. This is important because 
purified sericin has potential use in various biomedical applications as an antioxidant and 
antibacterial agent as discussed previously in the literature review chapter. 
In this work, EDTA and sodium-EDTA solutions for demineralisation as reported for G.postica by 
Gheysens et al [30] previously were used. The processing conditions for A.assamensis were 
optimised in such a way that the process can facilitate commercial reeling as well as maintain fibre 
mechanical properties and natural colour. Since the crystals are known to be attached loosely to the 
silk fibre, [9] a physical method to remove crystals using ultrasonication was also investigated. The 
study on the physical demineralisation of semi-domestic and wild silk cocoons has never been 
reported in the past. 
4.2 Experimental 
4.2.1 Materials and preparations 
Ethylenediaminetetraacetic acid (EDTA), EDTA disodium salt, sodium hydroxide, sodium 
carbonate, sodium hydrogen carbonate and calcium oxalate monohydrate were purchased from 
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Sigma Aldrich Australia. All reagents were used as received. A.assamensis cocoons were purchased 
from Fabric Plus Ltd. India.  
4.2.2 Demineralisation methods 
4.2.2.1 Chemical demineralisation 
Aqueous solutions of EDTA (pH 6-7) and EDTA disodium salt (pH 7-8) were prepared separately 
by adding concentrated NaOH pellets (99.8 %) until a clear solution of a definite molarity was 
obtained.  The solutions were made into various concentrations of 0.01 M, 0.03 M, 0.06 M, 0.12 M 
and 0.25 M from the stock solution of 0.5 M. Temperatures used were ambient, 40 oC and 60 oC. 
The demineralisation was performed in a laboratory dyeing machine (Ahiba, Japan) for an hour.  
4.2.2.2 Physical demineralisation 
To avoid the use of hazardous chemicals, ultrasonication was employed as a physical technique to 
isolate crystals from the cocoons. Ultrasonic processor UlP1000hd (Hielscher Technology, 
Germany) with a maximum power input of 1000 W, operational frequency 20 kHz, sonotrode 
amplitude of up to 170 Pm, variable amplitudes (30 %, 50 % and 100 %), variable time intervals 
(15 min, 30 min, 45 min and 1 h) and variable energy from 388 to 2592 kJ was used. The pulse rate 
was 2 sec on and 1 sec off. The treatment time and cocoon-to-liquor ratio used, were the same as 
used in the chemical demineralisation method in section 4.2.2.1. After ultrasonication, the cocoon 
was removed and the remaining deionised water was dried at 60 oC for 18 h to obtain the crystals.  
4.2.3 Degumming method 
A.assamensis silk cocoon was degummed using the method described in chapter 2, section 2.2.1.2. 
4.2.4 Morphological and structural characterization  
SEM images were also taken before and after demineralisation for various samples including those 
prepared according to Gheysens et al [30] method. FTIR spectra of the desiccated demineralised 
cocoons and isolated crystals were obtained according to the procedure explained in section 2.2.3. 
The crystal phase of the obtained crystals was analyzed by an X-ray diffraction (XRD) study, using 
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Panalytical X’Pert PRO diffractometer (Netherlands) with Cu-Kα radiation. Voltage and current of 
the X-Ray source were 40 kV and 30 mA respectively.  The commercial calcium oxalate hydrate  
powder and the ultrasonicated crystals powder was placed, with the help of vacuum grease, on a 
glass slide with the powder covering a 10 mm2 area and then fixed inside the X-ray diffractometer.  
X-ray spectra were recorded at a scan step size of 0.02 and a time per step of 4 sec. The thermal 
properties of the crystals were studied by differential scanning calorimetery (DSC) and thermal 
gravimetric analysis (TGA).  
DSC measurements were made according to the procedure mentioned in section 2.2.4. In this case, 
5-10 mg of the sample was used in the aluminum pan. The thermal behavior of different layers of 
A.assamensis cocoon were evaluated from room temperature to 110 oC and then the samples were 
reheated from 50 oC to 400 oC.  The first cycle from room temperature to 110 oC helped to remove 
water molecules by evaporation [42].  
TGA was done using a Netzsch STA 407 DSC (Germany). 13~15 mg of the sample was heated up 
to 800 oC at a rate of 10 oC /min under a nitrogen atmosphere. To analyze the chemical composition 
of the crystals, energy dispersive spectroscopy (EDX) was performed using a Supra 55VP (Zeiss, 
Germany) equipped with an EDX detector. The samples were carbon coated prior to measurements. 
The measurements were done at 20 kV. The FTIR, EDX, XRD, DSC and TGA data of the crystals 
were compared with those of commercial calcium oxalate monohydrate powder.  
Tensile properties of raw and demineralised fibres were measured using a Favimat Airobot 2 
(Textechno, Monchengladbach, Germany) fitted with a 210 cN load cell (Figure 4.1 (A)). In this 
instrument, the test specimens were picked up and loaded by a robot which reduced the fibre 
handling and ensured minimum variations in mounting tensions. Fibre specimens were loaded into 
a magazine using 100 mg pre-tensions (Figure 4.1 (C)). Pre-tension applied by the instrument was 
0.05 cN/dtex and specimens were strained at 60 % min-1. The gauge length was 25 mm. 50 fibres 
were tested for each sample. The average cross sectional area of the fibres was measured to 
calculate the fibre stress. The cross sections were made according to the procedure mentioned in 
section 2.2.5, chapter 2. The fibre-embedded resin (epoxy) blocks were gold coated and viewed 
under SEM at 3 KV accelerated voltage and 6-7 mm working distance. Imaging of the silk fibres 
was done and the cross sectional area of 20 fibres was measured using Image J software. 
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Figure 4.1: Digital images of A) Favimat Airobot 2 B) Magazine holder C) Magazine loaded with 
fibres on Favimat with pretension weights 
99 
 
A.assamensis cocoon was reeled using an industrial scale reeling machine after chemical 
demineralisation at a linear speed of 12 m/min as well as using a custom built reeling machine after 
demineralisation at 90 oC.  
4.2.5 Removal of cocoon colour during chemical demineralisation  
The silk cocoons were kept in the three beakers separately with different chemical solutions for 
demineralisation. One beaker contained the optimised chemical concentration for demineralisation 
(method used in section 4.2.2.1), the second contained the degumming solution (alkali) (method 
used in section 2.2.1.2) and the third beaker contained 1:1 ratio of demineralisation and traditional 
degumming solution (alkali). The cocoons were treated in these solutions for 20 min at 90 oC. 
4.3 Results and discussion 
4.3.1 Chemical demineralisation 
Figure 4.2 shows SEM images of cocoons treated with EDTA solutions of different concentrations 
at 60 oC. The untreated (raw) A.assamensis cocoon has brick-like crystals embedded in the cocoon 
shell. When treated with a 0.01 M EDTA solution (Figure 4.2 (c)), the majority of crystals still 
remained in the shell. With a 0.03 M EDTA (Figure 4.2 (f)), the shape of the crystals became round 
and the number of remaining crystals decreased (Figure 4.2 (e)), indicating that many of the crystals 
were dissolved in the solution. At 0.06 M concentration (Figure 4.2 (g)), all the crystals were 
completely removed. The study showed that 0.06 M EDTA concentration was sufficiently high for 
crystal removal in A.assamensis. It was seen that at concentration higher than 0.06 M (i.e. at 0.12 M 
and 0.25 M) (Figure 4.2 (j,l)), the crystals could also be removed. But this higher concentration can 
be used to remove crystals from cocoon varieties containing higher crystal content than 
A.assamensis such as G.postica. The concentration of EDTA required to remove crystals depended 
on the amount of crystals present in a certain silk cocoon variety. 0.06 M was used as an optimised 
EDTA concentration for A.assamensis silk cocoon. When the temperature was lowered from 60 oC 
to 40 oC and R.T, complete removal of the crystals was not possible at 0.06 M concentration (pH = 
6-7) in 1 h (Figure 4.2 (i,k)).  
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Figure 4.2: SEM images of cocoons subjected to chemical demineralisation using EDTA solutions 
of different concentrations and various stages of crystal breakage 
Figure 4.2 also shows the stages of crystal breakage during the chemical demineralisation process. 
Using different concentrations of EDTA, the mechanism of crystal removal was also studied. When 
an EDTA concentration of 0.01 M was used, the crystals started to disintegrate (Figure 4.2 (d)). At 
a slightly higher concentration of 0.03 M, the crystals were fragmented (Figure 4.2 (f))and when the 
concentration was further increased to 0.06 M, the crystals were completely removed, leaving brick 
shaped marks on the sericin layer over the silk fibres (Figure 4.2 (h)). 
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Figure 4.3: SEM images of cocoons subjected to chemical demineralisation using EDTA disodium 
salt solutions of different concentrations at 60 oC, pH 7-8, 1 h 
Figure 4.3 shows SEM images of cocoons subjected to chemical demineralisation using EDTA 
disodium salt solutions of different concentrations at 60 oC, pH 7-8. The cocoons treated with 
EDTA disodium salt solutions showed similar trends. However, EDTA disodium salt was slightly 
less effective than EDTA. Using EDTA disodium salt at 0.01 M concentration (Figure 4.3), the 
crystals were not removed at all. The crystals were completely removed using EDTA disodium salt 
solution at 0.12 M concentration (pH 7-8) and 1 h reaction time at 60 oC (Figure 4.3).  
4.3.2 Physical demineralisation  
Demineralisation was also performed using ultrasonic energy. Figure 4.4 shows SEM images of the 
cocoon subjected to ultrasonication with various input energy.  The extent of demineralisation 
increased with the increase in ultrasonic energy. 2592 kJ was sufficient to remove all crystals. The 
crystals were collected after separation. The crystals isolated from silk cocoons after ultrasonication 
showed brick-like shapes and varied in size (Figure 4.4). It was observed that, even after high 
energy ultrasonication, the shape of the isolated crystals was retained.  
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Ultrasonication did not cause fragmentation of the crystals. At this high input energy, small 
particles of sericin protein were also formed. However, there was no evidence of the splitting of 
fibres during the ultrasonication process. Demineralisation was performed at amplitudes of 30 %, 
50 % and 100 % and for time intervals of 15 min, 30 min, 45 min and 60 min at 1000 W power and 
operational frequency 20 kHz. It was concluded that demineralisation was complete at 100 % 
amplitude for 1 h. The different energy inputs to which the cocoons were subjected were 388 kJ, 
899 kJ, 1296 kJ and 2592 kJ. 
 
 
Figure 4.4: SEM images of cocoons subjected to ultrasonication at various input energy levels (a) 
388 kJ (b) 899 kJ (c) 1296 kJ (d) 2592 kJ and (e) ultrasonicated crystals 
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Figure 4.5(A) shows FTIR spectra of A.assamensis cocoons ultrasonicated at various energy levels 
from 388 kJ to 2592 kJ.  All the spectra showed peaks associated with silk proteins. In the spectrum 
of raw cocoon, additional peaks at 1317 cm-1 and 781 cm-1 were present. Their intensities reduced 
as the energy supplied for ultrasonication increased and, at 2592 kJ, these peaks disappeared. Both 
of the additional peaks correspond to calcium oxalate monohydrate [42, 46, 126].  The results 
indicated that all the crystals are removed at 2592 kJ of energy as suggested by SEM images in 
Figure 4.4. Figure 4.5(B) shows the EDX spectra of raw and demineralised cocoons. It was seen 
that Ca peaks are located at 3.691(Kα) and 4.012(Kβ).  It was found that the spectra of raw 
A.assamensis cocoon had prominent calcium peaks, while these peaks were absent in the spectrum 
of cocoon demineralised with physical method (ultrasonication). 
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Figure 4.5: (A) FTIR spectra of A.assamensis cocoons subjected to ultrasonication at various energy 
levels (B) EDX spectra of raw A.assamensis and demineralised A.assamensis using physical 
method (ultrasonication) 
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4.3.3 Identification of cocoon crystal 
There are reports that the crystals in silk cocoons are made of calcium oxalate [42]. It has been 
shown earlier by comparing the FTIR of commercial calcium oxalate monohydrate and the 
A.assamensis cocoon shell that the crystals are calcium oxalate monohydrate crystals [5]. Freddi et 
al. [42] used commercial calcium oxalate in XRD experiments to confirm that the crystals in silk 
were of similar nature.  As the physical separation process maintains the crystal size and shape with 
no chemical agents used for reactions, analysis of separated crystals can further validate the 
composition of crystals. The investigation on cocoon crystals was extended on cocoon crystals 
using other experimental tools such as EDX, DSC/TGA and FTIR by comparing commercial 
calcium oxalate monohydrate with the separated crystals obtained from A.assamensis silk cocoons 
after physical treatment (ultrasonication) to confirm the crystal composition.  
4.3.3.1 FTIR 
Figure 4.6(A) shows the FTIR spectra of commercial calcium oxalate monohydrate and silk cocoon 
crystals obtained after physical demineralisation. In the spectrum of commercial calcium oxalate 
monohydrate, the peaks were found at 781 cm-1 and 1317 cm-1. The peak at 781 cm-1 represents O-
C-O out-of-phase bonding and 1317 cm-1 represents asymmetric C-O stretching vibrations [152]. It 
was evident that the spectrum of isolated crystals has absorption peaks identical to those of 
commercial calcium oxalate monohydrate.  The results confirm that the crystals in A.assamensis 
cocoons are calcium oxalate monohydrate.  
 
4.3.3.2 XRD  
 
The XRD patterns of commercial calcium oxalate monohydrate powder and the crystals obtained 
after ultrasonication of A.assamensis cocoons are shown in Figure 4.6(B). The peaks at 14.95o
 
(101), 24.39o
 
(020), 30.12o
 
(202), 38.13o
 
(130), 39.909o and 43.630o are indexed based on JCPDS: 
00-003-0087 pattern that corresponded to commercial calcium oxalate monohydrate powder. Both 
crystals show similar XRD patterns, which supports the results of the FTIR study. There are 
additional peaks present at 28.37 o and 40.48o in the crystals isolated from A.assamensis cocoon. It 
was found that these peaks were due to the contamination stemming from the titanium alloy probe 
used for ultrasonication. 
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4.3.3.3 EDX  
Figure 4.6(C) shows the EDX spectra of crystals obtained after ultrasonication and commercial 
calcium oxalate monohydrate crystals. As shown in Figure 4.5(B), Ca peaks are located at 
3.691(Kα) and 4.012(Kβ). It was found that the spectra of commercial calcium oxalate 
monohydrate powder and ultrasonicated crystals had prominent calcium peaks. The results further 
confirmed that the crystals in A.assamensis cocoons contained calcium.  
 
Figure 4.6: A) FTIR spectra of the crystals isolated by physical demineralisation and commercial 
calcium oxalate monohydrate, (B) XRD spectra of comparison of commercial calcium oxalate 
monohydrate crystals and cocoon crystals isolated by ultrasonication (C) EDX spectra of 
commercial crystals and ultrasonicated crystals 
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4.3.3.5 TGA/DSC 
 
The TGA curves of commercial calcium oxalate monohydrate powder and the crystals obtained 
after ultrasonication of A.assamensis cocoons are presented in Figure 4.7(A). In the spectrum of 
commercial calcium oxalate monohydrate, the weight loss starting at ~150 oC indicated dehydration 
of calcium oxalate monohydrate crystals. The second weight loss around 500 oC was associated 
with the decomposition of anhydrous calcium oxalate into calcium carbonate and carbon monoxide 
[169]. The decomposition above 700 oC was due to the conversion of calcium carbonate into 
calcium oxide and carbon dioxide [169].  The TGA curve of the crystals obtained after 
ultrasonication of A.assamensis cocoons followed the same trend as the TGA curve of commercial 
calcium oxalate monohydrate. However, the weight loss at each step was not as sharp as that of 
commercial calcium oxalate monohydrate, indicative of perhaps the different impurities present in 
the cocoon crystals. 
 
Figure 4.7(B) shows the DSC curves of commercial calcium oxalate monohydrate powder and the 
crystals obtained after ultrasonication of A.assamensis cocoons. As mentioned earlier, in the DSC 
curve of commercial calcium oxalate monohydrate, the endothermic peak with an on-set 
temperature of ~150 oC was associated with dehydration. The on-set temperature of the dehydration 
of cocoon crystals was slightly lower than that of commercial powder. The difference in the on-set 
temperature and endothermal energy (i.e. peak area) between the two samples may be due to the 
difference in purity. There may be a trace of sericin or other materials present with the crystals 
obtained by the process of ultrasonication.  
 
As reported in chapter 2, DSC studies were performed on the cocoon layers of A.assamensis 
cocoon, where the additional peak was seen at ~120 oC which, based on this further study, can be 
attributed to the calcium oxalate monohydrate crystals. 
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Figure 4.7: (A) TGA curves of commercial calcium oxalate monohydrate crystals and cocoon 
crystals isolated by ultrasonication. (B) Differential scanning calorimetery of isolated crystals from 
cocoons (red dotted line indicates the on-set temperature of ~150 oC)  
 
4.3.3 Effect of demineralisation on colour bleeding of cocoons 
Figure 4.8 shows the effect of demineralisation on colour bleeding of the cocoons. It can be seen 
that in Figure 4.8(A), the colour of the cocoon is not lost while in Figure 4.8(C) the cocoon colour 
is completely lost. It was observed that the optimised method for demineralisation did not 
significantly affect the colour of the silk threads obtained. It was seen that in the degumming 
solution (alkali) the cocoon started to lose some colour while in the demineralising solution the 
colour of the cocoon is retained. 
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Figure 4.8: (A) Cocoon in solution optimised for demineralisation (B) Cocoon in solution 
containing 1:1 ratio of degumming solution (alkali) and demineralisation solution (C) Cocoon in 
degumming solution (alkali) 
4.3.4 Reeling of A.assamensis and mechanical strength of silk fibres demineralised with chemical 
and physical method 
Reeling of filaments from cocoons of Antheraea species normally requires boiling the cocoons in 
sodium carbonate and sodium silicates [42]. In this process, silk may be partially hydrolyzed by 
alkali at high temperature [24,43]. Such a treatment not only changes the natural colour of silk 
thread but may influence their tensile properties [38,43]. Demineralisation improves the reeling 
performance of silk of Antheraea species without the need for a harsh chemical boiling and 
therefore an effective demineralisation is ideal for processing such expensive and luxury silk 
materials [42,44,45]. It has been shown earlier by Gheysens et al. [5, 34] that demineralisation 
helped in easy reeling of the cocoons. Therefore reeling was tried on the commercial silk variety, 
A.assamensis silk cocoon after the optimised chemical demineralisation process. We believe that 
for reeling, certain amount of degumming is required and reeling in the work by Gheysens et al. [5, 
34] must have been assisted by partial degumming due to cocoon treatment at pH 10. Therefore we 
demineralised A.assamensis using Gheysens et al. [5, 34] method and our optimised method. Figure 
7 shows SEM images of raw A.assamensis silk filament, A.assamensis demineralised at pH 10 
using Gheysens et al. [5, 34] method and A.assamensis demineralised at pH 6-7. It was found from 
SEM images that using pH 10 not only removed the crystals but also partially removed sericin that 
perhaps assisted in reeling of the silk cocoons (Figure 4.9).  
Reeling of A.assamensis cocoons using commercial reeling machines at ~12 m/min was performed 
after demineralisation by the  optimised method using EDTA at (pH 6-8). It was seen that although 
the crystals were removed at 60 oC for 1 h at pH 6-8, however to facilitate reeling of demineralised 
cocoons using commercial reeling machines, a higher temperature (90 oC) for demineralisation was 
required to soften the gum. Therefore reeling was achieved by using the demineralisation solution 
for 45-60 minutes at pH 8, 90 oC (Figure 4.10). It is clear from the digital images (Figure 4.10) that 
the cocoons could be reeled effectively and completely.  Further studies are warranted to test 
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whether demineralised cocoons by ultra-sonication either alone or in combination with chemical 
methods can be used to facilitate reeling.  
 
Figure 4.9: SEM images of (a, a’) raw A.assamensis silk filament, (b, b’) A.assamensis 
demineralised at pH 10 using Gheysens et al. method and (c, c’) A.assamensis demineralised at pH 
6-7 
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Figure 4.10: Digital images of A.assamensis cocoons before reeling and towards the end of reeling 
in a custom built machine for commercial reeling 
Removal of crystals without reducing the tensile strength of the fibre is also important. In this 
study, it was demonstrated that demineralisation was possible using a very low concentration (0.06 
M) of EDTA solutions or without any chemicals at all. The influence of chemical demineralisation 
and physical demineralisation on the tensile strength of silk fibres was investigated to determine if 
the process anyway reduced fibre tensile strength.  Table 4.1 shows the values for cross sectional 
area, breaking stress, strain percentage and toughness for raw and demineralised A.assamensis 
fibres with an optimised chemical and mild physical method compared to degummed fibre and 
ultrasonicated degummed fibre. There was no significant difference in tensile strength after 
chemical demineralisation (p = 0.098 which is > 0.05, two paired student’s t-test). Thus, at the 
concentration levels used in this study, chemical demineralisation did not cause significant 
deterioration in the tensile strength of silk fibres. While the physical demineralisation deteriorated 
the silk fibre strength to some extent but did not cause any splitting of the fibres (Figure 4.4). The 
strength of the ultrasonicated fibres was still higher than the completely degummed fibres using 
base (2 %) at 98 oC. When the fibres degummed using base (2 %) were ultrasonicated the tensile 
strength further reduced from 490 MPa to 380 MPa (Table 4.1). Student t-test was performed and 
the mean strength values of the fibres obtained using ultrasonication were found to be statistically 
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different from the raw fibre strength values (P = 0.004, which is < 0.05). This informed that 
ultrasonication reduced the tensile strength of the fibre but was still better than the traditional 
degumming method which reduced the tensile strength strength even more (p = 0.000).  
 
Table 4.1: Average cross sectional area, maximum stress, strain and toughness values for raw, 
demineralised  A.assamensis fibre with chemical method and physical method, degummed silk 
fibre; (data is presented as mean ± standard deviation, n=50). The data has been rounded to the 
significant figures 
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4.4 Conclusion 
This study investigated the crystals in A.assamensis silk cocoons, in particular, their distribution 
patterns in cocoons, their material identification and new methods to remove them from cocoons.  
The distribution of crystals perpendicular to the cocoon surface was examined by separating outer, 
middle and inner cocoon layers.   FTIR, XRD, EDX and TGA studies revealed that the crystals 
obtained after ultrasonication (physical demineralisation) are calcium oxalate monohydrate with 
some impurities.  It was found that demineralisation of this cocoon variety was possible at lower 
concentrations of EDTA and also by using ultrasonication without any chemicals at all. The 
demineralisation process was analysed by FTIR and DSC measurements. Physical demineralisation 
(ultrasonication) helped to isolate crystals effectively and did not cause any fibre splitting. It was 
confirmed that the optimised chemical demineralisation method removed crystals completely 
without removing sericin and also without reducing the mechanical strength of the fibre. It was 
found that removing only crystals did not facilitate the reeling process. Partial sericin removal was 
also required to reel A.assamensis silk cocoon. Therefore reeling of A.assamensis was possible in a 
commercial reeling machine after chemical demineralisation at pH 8, 90 oC for at least an hour. 
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CHAPTER 5 -ISOLATION OF COCOON COMPONENTS – II 
DEGUMMING (REMOVAL OF SERICIN) AND RECOVERY OF 
SERICIN 
 
5.1 Introduction 
In the previous chapter some efficient ways of removing crystals by chemical and physical methods 
have been covered. This chapter deals with improving the process of removing sericin from silk 
cocoons. The process of removing silk sericin is called degumming [170]. Removing gum without 
affecting the fibre properties is important not only for textile applications but also for studying the 
protective roles of cocoons with or without sericin to understand the influence of gum in cocoon 
properties. It is relatively hard to remove sericin from semi-domestic and wild silk cocoon varieties 
[29, 82, 111, 112]. It has been found that sericin is strongly embedded in non-B.mori silk cocoon 
varieties therefore more time and higher chemical concentration are required in degumming these 
than the B.mori silk cocoon varieties [113]. However the harsher conditions used to degum the silk 
cocoon varieties should not reduce the mechanical properties of the silk fibre.  Obtaining sericin 
free fibre is also important for biomedical applications as there are concerns of adverse impacts of 
sericin on biocompatibility of silk based biomaterials. Silks are being used in biomedical 
applications due to their good mechanical properties, non-toxicity, biocompatibility and 
biodegradability [4].  
Upto now most of the degumming methods have been used for the domestic silk cocoon variety, 
B.mori. These include chemical, physical and enzymatic treatments [97-99, 104-106]. Very few 
attempts have been made to degum semi-domesticated and wild silk cocoon varieties. Chemicals 
such as β-mercaptoethanol, ethylene di amine and sodium silicate have been used in two studies to 
obtain sericin from these species [6, 29]. In one study A.assamensis and A.mylitta cocoons have 
been degummed using sodium carbonate and sodium silicate; mechanical strength of the degummed 
fibres had been measured [114, 115]. As stated in the previous chapter although complete 
degumming is not desired for A.assamensis silk cocoon as it can affect the colour, handle and fibre 
properties but partial degumming is required for reeling and handling of the fibres. In addition to 
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this, complete degumming of A.assamensis will be useful for non-textile applications such as for 
biomaterials. However the method for complete degumming should be such that it does not 
influence fibre properties such as strength, colour and lustre. Therefore it was important to study 
and optimise degumming of A.assamensis. 
In this work A.assamensis silk cocoon was chosen as it is a semi-domestic silk cocoon variety that 
is used for biomedical applications because of its high elongation and toughness. Silk sericin needs 
to be removed completely for biomedical applications as it can induce allergic response. 
Additionally the degumming method should not reduce the mechanical strength of the fibre. 
Therefore degumming methods were optimised using various chemical treatments for this cocoon 
variety and the effect of the treatments on the mechanical property of the obtained fibre was 
examined.  
Isolation of sericin is also important inorder to understand the role of sericin in various protective 
processes. The isolation methods used for obtaining crystals, fibre and sericin should be such that 
they can help to obtain the various components without changing their properties and it is essential 
that such isolation methods should not affect the protective roles that need to be tested later, such as 
antibacterial, UV absorbance and mechanical properties. These protective properties can be greatly 
influenced by the chemical reagents used to isolate the cocoon elements. 
 Obtaining sericin completely without its degradation is a big challenge. Sericin can be recovered 
from the degumming liquor obtained after various degumming treatments. The degumming waste 
liquor is dialysed using a dialysis membrane to separate any ions or salts used during degumming. 
Later the dialysed solution can be freeze dried. Among various methods urea has been found to 
obtain sericin with minimum degradation [171]. Sericin has also been obtained using ethanol 
precipitation [51] without requiring dialysis. It is important to ensure minimum sericin degradation 
while separating and purifying it. Therefore, in this study, base, acid, urea and water were used to 
obtain sericin and then sericin powders were produced by freeze drying. Sericin solution and sericin 
powder obtained from base degumming were used to study their protective roles. 
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5.2 Experimental  
5.2.1 Materials and preparations 
The chemical reagents used were citric acid (C.A), sodium carbonate, sodium hydrogen carbonate, 
sodium peroxide (O.A), sodium dodecyl sulfate (SDS), cetyltrimethyl ammonium bromide 
(CTAB), marseille soap (soap), urea, coomassie brilliant blue stain, acetic acid and methanol. 
Chemicals were purchased from Sigma Aldrich and were used as received. A.assamensis silk 
cocoons were purchased from Fabric Plus Ltd. For preliminary studies many A.assamensis silk 
cocoons were used but for final studies the silk thread from one A.assamensis silk cocoon was 
reeled and the studies were conducted on reeled raw fibre from one cocoon to minimise variations. 
Base is referred to as a combination of 1 g sodium carbonate in 50 ml water plus 1 g sodium 
bicarbonate in 50 ml water. A.assamensis silk gland fibroin protein was obtained from the Institute 
of Advanced Studies in Science and Technology, India. 
To study the degradation of silk proteins during the degumming process, sodium dodecyl sulfate – 
polyacrylamide gel electrophoresis (SDS-PAGE) was done. To run the silk samples degummed at 
different temperatures, the samples were dissolved in 10 M LiSCN solution (1 g of silk was 
dissolved in 20 ml of LiSCN solution). The solutions were prepared at 70 oC for 2 h and then the 
temperature was reduced to 60 oC for another half an hour. The dissolved silk solutions were 
centrifuged at 7000 rpm at 4 oC to remove any undissolved silk. The supernatants obtained were 
dialysed against deionised water in 12 kDa molecular weight cut off dialysis tubing. Deionised 
water was changed frequently, every 15 minutes about 5 times. This helped to quickly remove the 
LiSCN salt. Later the water was changed after every 4 h for 1 day. The dialysis set up was kept at 4 
oC to prevent the silk from gelling.   
The protein concentration was calculated for each sample using a Bradford protein assay (BIO-
RAD).  40 μg of the dissolved silk protein sample was loaded in each lane. Prior to loading, the silk 
protein samples were mixed with equal amount of sample buffer. NuSep gels were used to run 
samples for SDS-PAGE. Standard molecular weight marker was run with the silk samples. Along 
with the degummed silk fibre samples, A.assamensis silk fibroin directly from the silk gland was 
also tested. The gels were stained with Coomassie brilliant blue. These were destained with 10 % 
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acetic acid plus 20 % methanol. The gels were later imaged using BIO-RAD molecular imager 
‘Chemi Doc TM XRS+ with Image Lab Software’. 
5.2.2 Chemical degumming method 
A.assamensis silk cocoons were degummed using organic acid (citric acid), base (sodium carbonate 
plus sodium bicarbonate) using similar procedure as used for degumming domestic silks 
conventionally. Certain wetting agents have been used for degumming domestic silks, so similar 
wetting agents were applied to semi-domestic silks. Additionally oxidising agents (sodium 
peroxide) and reducing agent (mercaptoethanol) were also used for degumming semi-domestic silk 
cocoons in this study. Figure 5.1 shows a schematic representation of the various chemicals 
methods used for degumming A.assamensis. The time of degumming was 1 hour and temperature 
was 98 oC. The silk fibre can get damaged beyond 98 oC and 1 h, and loses its strength. Therefore 
the exposure of silk cocoons to chemical reagents has been limited to a certain time and temperature 
so that it helps in removal of sericin but does not damage fibre. This will help to retain the 
mechanical strength of the fibre. 
 
Figure 5.1: Chemical reagents used for degumming A.assamensis 
Preliminary studies were conducted to find out the optimum degumming conditions for 
A.assamensis. Organic acid i.e. citric acid (15 %) was used in 1:100 material:liquor ratio. Sodium 
carbonate plus sodium bicarbonate was used as a base (2 %) for degumming. Sodium peroxide at 
different concentrations of 0.01 %, 0.05 % and 0.1 % was used. β -mercaptoethanol (100 %, 50 %) 
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was also used for degumming treatments. In addition, acid or base was used in combination with 
anionic (sodium dodecyl sulfate, soap) and cationic wetting agents (cetyltrimethyl ammonium 
bromide) separately. The material:liquor ratio was increased to 1:120 where 100 ml of base or acid 
was mixed with 20 ml of wetting agent solution. Since the material: liquor ratio was increased, this 
reduced the concentration of the individual chemical reagent. Therefore when citric acid was 
combined with wetting agent, the concentration of acid became 12.5 % and of the wetting agent 
solution became 1.6 %. Similarly the concentration of the base when combined with wetting agent 
reduced to 1.6 % and wetting agent was also 1.6 %. Further when base was combined with 
oxidising agent in 1:1 ratio, the base concentration became 1 % and the concentration of oxidising 
agent also halved to 0.005 %, 0.025 % and 0.05 % from 0.01 %, 0.05 % and 0.1 % respectively. 
Next when the 1:1 (base plus oxidising agent) was combined with wetting agent (10%, 20 ml) there 
was further reduction in the actual concentration of the chemicals. The effect of the various 
chemical reagents used and their concentrations was seen on the mechanical strength of the treated 
fibre. The sericin removal was analysed qualitatively by SEM imaging and also by weight loss 
percentage (W.L %). All the degumming treatments were performed at 98 oC and for an hour in 
laboratory dyeing machine (Ahiba). A.assamensis cocoon was degummed further at temperatures 
lower than 98 oC (70 oC, 80 oC, 90 oC) to understand the influence of temperature in degumming. 
Degumming performance and associated changes in properties of fibres were analysed by SEM 
images, tensile tests, fracture analysis and SDS-PAGE.  
5.2.3 Sericin extraction 
The degumming liquor was obtained after filtering the degummed fibres obtained using the 
procedure explained in section 2.2.1.2. The degumming liquor was further concentrated at 60 °C to 
remove excess water followed by dialysis (using a Snakeskin pleated dialysis tubing from Thermo 
Fisher Scientific; molecular weight cut off 3.5 kDa). Dialysis was done for three days against 
deionised water to remove sodium carbonate and sodium hydrogen carbonate. The deionised water 
was changed three times a day during the dialysis period. The removal of alkali was confirmed by 
the pH value of the deionised water which was found to be 7. The solution after dialysis was 
centrifuged at 4 oC (7500 rpm) to get the clear sericin solution. The sericin solution was used to test 
various protective roles. 
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5.3 Characterization techniques 
Scanning electron microscopy (SEM) was used to see the removal of sericin qualitatively. Supra 55 
VP (Zeiss, Germany) at 3 kV accelerated voltage and 3 mm of working distance was used to see the 
microstructure of the fibre after sericin removal. Cross sectional studies were also done to 
qualitatively observe the sericin removal. Cross section preparation was done for the degummed 
silk fibres. Cross sections were prepared following the procedure reported in section 2.2.5 in 
chapter 2. Mechanical properties of the undegummed and the degummed silk filaments were tested 
using Favimat Airobot 2 (Textechno, Monchengladbach, Germany) following the procedure 
explained in in chapter 4, section 4.2.4. Additionally the gauge length of the fibre used was 25 mm 
and strain rate was 15 mm/min or 60 %/min. For preliminary studies 25 fibres were tested and for 
final studies 50 fibres were tested. Further the fracture surfaces of the broken fibres were also 
studied using SEM.  
5.4 Results and discussion 
5.4.1 Examination of sericin removal by SEM, weight loss analysis and mechanical property 
analysis  
Figure 5.2 shows SEM images of microfibrillar architecture of degummed fibres obtained after 
different chemical treatments at 98 oC for an hour. 
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Figure 5.2: SEM images of degumming silk using several chemical agents at 98 oC for 1 h and their 
average breaking forces ± standard deviation 
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Table 5.1: Average breaking force data for the chemically treated fibres (Breaking force ± standard 
deviation); N= 25 
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Figure 5.2 shows A.assamensis silk fibres degummed using different chemical reagents. The 
concentration used for each reagent is their optimised concentration. The concentration was 
optimised such that highest breaking force was obtained for the fibres when treated at this 
concentration and the breaking force reduced at concentration higher than the optimised 
concentration. The breaking force of the raw A.assamensis cocoon was calculated to be 9.56 cN ± 
1.12. Base (2 %, 100 ml) caused non uniform degumming of the silk cocoon with a slight reduction 
in the breaking force 8.55 cN ± 1.32. Using only base could not remove the sericin completely and 
the weight loss was 18.9 %. This weight loss value was in agreement with the average weight loss 
value obtained in sericin distribution analysis of A.assamensis silk cocoon in chapter 2, section 
2.3.4. After citric acid (15 %, 100 ml) treatment, there was substantial weight loss of 25.5 % but the 
treatment reduced the mechanical strength of the fibre to 5.85 cN ± 1.02. Further acid or base 
degumming was performed with wetting agents. Base plus cationic wetting agent as well as acid 
plus anion wetting agents gave a coating of wetting agent over the fibre surface. On the other hand, 
the interaction of base with anionic wetting agents and acid with cationic wetting agent exhibited 
improved degumming with the appearance of a smooth nanofibrillar network on the fibre surface 
after degumming. The results suggested that acid treatment is less satisfactory and base either with 
SDS or soap provided good degumming outcomes while maintaining good fibre strength. In 
particular base and SDS combination produced fibres of high mechanical strength and smooth fibre 
surface. It was found that although the combination of base and SDS achieved good mechanical 
strength and surface image showed microfibrils indicating efficient degumming, the weight loss 
was 19.2 % suggesting that degumming was either not complete or uneven. Table 5.1 shows the 
average breaking force data for the degummed fibres. The results of treatment with oxidising agent 
suggest that 0.01 % sodium peroxide could not remove the sericin completely (W.L was 15.3 %) 
while 0.1 % sodium peroxide removed sericin (W.L was 25.7 %) but also reduced the mechanical 
strength of the fibre to 5.45 cN ± 1.02. Although 0.05 % sodium peroxide showed high tensile 
strength of 9.79 cN ± 1.85, the sericin was not removed completely as can be seen in Figure 5.2.  
The damage to the fibre surface is evident also in the SEM image as gaps between microfibrils 
appeared. Thus oxidising agent alone could not remove sericin unless the concentration was not 
raised which reduced the fibre strength. The best result was obtained when base and SDS treatment 
also included a small amount of oxidising agent.  The combination resulted in even degumming 
along with better mechanical strength. It was found that combination of base (0.83 %, 50 ml), 
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sodium peroxide (0.04 %, 50 ml) and SDS (1.6 %, 20 ml) resulted in a smooth fibre surface with 
evidence of nanofibrils indicating removal of the sericin layer. The process maintained fibre 
strength of (9.02 ± 1.25) despite losing 25.4 % weight. After optimising the chemical reagents and 
their composition at a fixed temperature and time, temperature was varied to further improve the 
mechanical strength of the fibre obtained. Therefore a combination of base (0.83 %, 50 ml), sodium 
peroxide (0.04 %, 50 ml) and SDS (1.6 %, 20 ml) was also used at temperatures lower than 98 oC. 
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Figure 5.3: SEM images of the silk filaments degummed with optimised concentrations at different 
temperatures 70 oC, 80 oC, 90 oC and 98 oC in comparison with the traditional base degumming 
method 
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Table 5.2: Actual stress values (mean ± standard deviation) for A.assamensis fibre degummed at 
different temperatures and different chemical treatments; N=50 
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Figure 5.3 shows SEM images of degummed silk fibres at different temperatures. It was seen that 
70 oC was not good enough for degumming; single fibres could not be removed from the cocoons.  
Therefore twin silk filament is seen in the SEM image. At higher magnification a thick sericin layer 
is visible. Table 5.2 shows actual stress values (mean ± standard deviation) for A.assamensis fibre 
degummed at different temperatures and different chemical treatments. The stress value obtained 
for the degummed fibre at 70 oC (590 MPa ± 140) was similar to that of the raw silk fibre (600 MPa 
± 95) (Table 5.2). At 80 oC, it can be seen that the twin silk filaments were separated due to removal 
of some sericin. In the high magnification image, some amount of sericin is still visible. The sericin 
got removed from some parts and the fibre striations could be seen but at other parts the sericin was 
still present. At 80 oC, there was a very slight reduction in fibre mechanical strength (580 MPa ± 
140). When the temperature was increased to 90 oC, degumming improved significantly and single 
silk fibre could be seen in the SEM image. At a higher magnification, the striated surface of the 
fibre was also visible confirming the appearance of microfibrils and indicating complete sericin 
removal. There was a small reduction in fibre mechanical strength (576 MPa ± 96). At the highest 
temperature of 98 oC, the sericin could be removed completely and the fibre striations were also 
visible but there was a major reduction in the mechanical strength (446 MPa ± 84). The fibre 
breaking strain also reduced at 98 oC and as a result the toughness value dropped even more.  It was 
concluded that at 70 oC and 80 oC, the sericin removal was not complete. At 90 oC, the sericin could 
be removed almost completely. Therefore it was found that the temperature of degumming could be 
reduced from 98 oC to 90 oC. This lowering in temperature helped to achieve good fibre mechanical 
strength of 576 MPa (as can be seen in Table 5.2) along with the complete sericin removal (Figure 
5.3). 
The comparison was also made between the degumming methods developed in this study with the 
traditional method of degumming using base (2 %) (Figure 5.3). It was seen that the traditional 
method did not remove the sericin completely even at a high temperature of 98 oC and fibre strength 
and strain dropped drastically.    
The results indicated that there was a very slight reduction in the mechanical strength of the fibre 
upto 90 oC in comparison with the raw fibre. It was clear that a temperature of 98 oC greatly 
decreased the fibre strength. Although the mechanical strength of the peroxide treated fibre was 
reduced more than that of the base treated fibre at 98 oC, the base treated fibre resulted in less 
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sericin removal than the peroxide degumming as could be seen from the SEM images in Figure 5.3. 
The best mechanical properties and weight loss were obtained at 90 oC using a combination of base 
(0.83 %, 50 ml), sodium peroxide (0.04 %, 50 ml) and SDS (1.6 %, 20 ml). The significance of the 
mean strength values presented in Table 5.2 was tested using student two tailed t-test. It was found 
that the mean strength value of A.assamensis cocoons degummed using a combination of base, 
oxidising agent and wetting agent upto 90 oC was not significantly different from the raw cocoon 
fibre strength as p > 0.05 while at 98 oC, the strength of A.assamensis silk fibres reduced 
significantly as p < 0.001. Therefore the optimised temperature used for degumming without 
affecting the strength of the silk fibre was 90 oC. 
 5.4.2 Fracture studies on A.assamensis fibre 
Strong degumming agents can cause hydrolytic degradation of the fibres leading to dull appearance, 
surface fibrillation and loss of tensile strength [102]. Degumming treatments affect the fibrillar 
structure of silk fibre [97]. It has been found earlier that the degumming process weaken one type of 
non-covalent interaction or has changed the intra and inter-molecular structure of the silk fibroin 
[172]. The fracture studies were performed to investigate the fibrillar structure at the broken tip of 
the fibre degummed at different treatment temperatures.  
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Figure 5.4: SEM images of the fractured surfaces at the broken tips of differently degummed 
A.assamensis fibres 
  
129 
 
Figure 5.4 shows the SEM images of the fractured surfaces at the broken tips of differently 
degummed A.assamensis fibres. Two types of fibre breakage are shown, granular breakage and 
fractured breakage. The fibres that were treated at temperatures 70 oC, 80 oC and 90 oC using the 
combination of base (0.83 %, 50 ml), sodium peroxide (0.04 %, 50 ml) and SDS (1.6 %, 20 ml) 
showed granular breakage. These fibres did not split into microfibrils upto temperature of 90 oC. 
While at a temperature of 98 oC when the fibres degummed using the optimised treatment were 
pulled apart, the fibre got split into microfibrils. This meant that 98 oC actually damaged the fibre. 
Therefore 90 oC was considered to be the optimised temperature for degumming A.assamensis 
fibres in this study. When only base (2 %, 100 ml) was used for degumming A.assamensis, the fibre 
split from the centre into half, indicating too much loss in strength of the fibre.    
5.4.3 Cross sectional studies 
Figure 5.5 shows SEM images of cross sections of silk fibres degummed using the optimised 
treatment of combination of base (0.83 %, 50 ml), sodium peroxide (0.04 %, 50 ml) and SDS (1.6 
%, 20 ml) at different temperatures. In the silk fibres treated at 70 oC, the sericin layer could be seen 
around the fibre which indicated that the sericin could not be completely removed using the 
optimised treatment at 70 oC. For the fibres treated at 90 and 98 oC, the sericin layers were removed 
completely as can be seen in Figure 5.5. This result supports the SEM images obtained after 
degumming for qualitative analysis of sericin. 
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Figure 5.5: SEM images of cross section of silk fibres degummed at different temperatures 
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5.4.4 SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel electrophoresis) 
Figure 5.6 shows SDS-PAGE analysis of protein degummed fibres and silk protein directly 
obtained from glands of A.assamensis silk worm.  
 
Figure 5.6: SDS-PAGE analysis of protein components in various silk materials dissolved by 
LiSCN and silk protein directly from silk gland 
When A.assamensis silk fibroin was directly taken from the silk gland, a band at about 250 kDa was 
seen. The silk fibres degummed at different temperature did not show sharp bands. Smeared bands 
could be seen at 150 kDa, 50 kDa, 37 kDa and 25 kDa [111, 173]. These bands show that the silk 
fibroin degraded into small molecular weight polypeptides. There was no difference seen in the 
protein bands obtained for the silk fibres degummed at different temperatures of 70 oC, 90 oC and 98 
oC. This can be because certain dissolution conditions are used for dissolving the samples prior to 
loading them into the gel. This dissolution process degraded the silk fibre samples leading to low 
molecular weight polypeptides bands on the gel. There was not much change seen in the 
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mechanical strength of the silk fibres degummed at 70 oC, 80 oC, and 90 oC as compared to the raw 
fibre (Table 5.2).  
5.5 Conclusion 
Several degumming treatments were used to find an optimised degumming treatment for 
A.assamensis that does not reduce the mechanical strength, colour and handle of the fibres. Various 
chemical reagents were used for degumming of A.assamensis. The chemical concentrations were 
optimised such that above the optimised concentration the mechanical strength of the fibre started 
to reduce. Then several chemical agents were combined together in a certain degumming ratio to 
further improve the mechanical strength of the fibre. After optimising the chemical reagents, the 
temperature was also optimised to obtain the best results. Base degumming in combination with 
peroxide treatment and anionic wetting agent helped in better removal of sericin as compared to 
using only base in traditional method. It was found that upto 90 oC, there was no significant 
decrease in the mechanical strength of the silk fibre. The fracture studies also showed that upto 90 
oC, the fibrillar silk structure remained intact but beyond this temperature the silk fibre defibrillated 
which probably reduced fibre strength. The removal of sericin from the fibre surface was seen 
clearly in the cross sectional studies on silk fibres treated at different temperatures. SDS-PAGE 
showed that the proteins get degraded when they are extracted from the cocoons using chemical 
treatments. It was seen in this study that the optimised degumming method applied here helped to 
remove the sericin completely without losing the strength of the fibre. This method was better than 
the traditional method used for degumming, which used only sodium carbonate or sodium 
bicarbonate at 98 oC where the strength obtained was lower and sericin was also not removed 
completely which would limit the use of silk fibre in applications where sericin is not required such 
as for use in biomedical applications. The strength of the silk fibre obtained using traditional 
method was 477 ± 96 MPa (Table 5.2) while of the optimised method was 576 ± 96 (Table 5.2). 
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CHAPTER 6 - ANTIBACTERIAL PROPERTIES OF SILK 
COCOONS 
 
6.1 Introduction 
In chapters 4 and 5, separation of crystals and gum respectively has been discussed. As mentioned 
earlier, silk cocoons provide protection to silkworm from biotic and abiotic hazards during the 
immobile pupal phase of the lifecycle of silkworms. Protection is particularly important for the wild 
silk cocoons reared in an open and harsh environment. To understand if silk cocoon or any of its 
components resist growth of microorganisms, in-vitro studies were performed using gram negative 
bacteria E.coli to investigate antibacterial properties of silk fibre, silk gum, and calcium oxalate 
crystals.  
Antibacterial studies on various cocoon components have not been reported in the past, except for 
sericin. However, such studies on sericin have shown conflicting reports. Some studies suggested 
that sericin could evade the growth of E.coli [51, 57-60], while others concluded that sericin helped 
to increase the E.coli growth [61-63].   
 
The antibacterial tests were conducted on raw cocoons, cocoons after removing crystals, cocoons 
after removing sericin, and on sericin solution. These studies were conducted using domestic 
silkworms B.mori, P.C.ricini, semi-domestic silkworm A.assamensis, and wild silkworm A.mylitta. 
These silkworms are reared in diverse environmental conditions ranging from very high to very low 
temperatures and humidity’s. There are significant variations in chemical and physical properties of 
these cocoons and various components [6, 110, 120].  
 
 
 
 
6.2 Experimental 
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6.2.1 Materials and methods 
Stiffled silk cocoons were sourced from various silk rearing centres in central and north eastern 
India. All the samples were autoclaved before testing their antibacterial activity. Sodium carbonate 
and sodium bicarbonate were purchased from Sigma Aldrich and were used as received. 
 
6.2.2 Microorganisms and media 
Escherichia coli (E.coli)-ATCC® 11229, gram negative bacteria were used as a test organism. As 
reported earlier [174] bacterial inoculums were prepared to obtain a bacterial suspension in 
exponential growth of 8 x 108 colony forming units per ml in 5 ml of nutrient broth (modified 
Tryptone soya broth from Oxoids). In order to make agar plates, Tryptone soya agar (from Oxoids) 
was used as the nutrient agar. Sterilisation and media preparation was done in Atherton cyber series 
autoclave at 121 °C for 20 min. A SONY 16.1 mega pixels camera was used for photography of the 
agar plates with bacterial colonies. 
6.2.3 Bacterial growth measurement 
Optical density measurements were conducted to monitor the growth of E.coli in nutrient broth 
using an Asys micro plate reader spectrophotometer at 550 nm (Expert plus UV; Type: G020151, 
ASYS Hitech GmbH, Eugendorf, Austria). 
 
6.2.4 Methods of preparation of cocoon materials 
Cocoons were cleaned with deionised water and were cut into small flat rectangular pieces. 
Cocoons without further processing after cleaning were used for preparation of raw cocoon 
specimens. These cocoon pieces were then autoclaved. For each specimen, 0.5 g of these cocoons 
was used.  
 
 
 
6.2.4.1 Demineralised cocoon 
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Cocoons were demineralised using ultrasonication as described in section 4.2.2.2, chapter 4. 
Ultrasonication helped to remove crystals and obtain demineralised cocoon. The demineralised 
samples were cut into flat rectangular sections.  
 
6.2.4.2 Degummed cocoons 
Cocoons were degummed according to the procedure mentioned in chapter 2, section 2.2.1.2 [116]. 
The processing was done for 1 h at 98 °C for all silk cocoons except B.mori cocoons that were 
degummed for 30 minutes. Only base degummed fibres were used for testing the antibacterial 
properties as any other chemical residues could affect the antibacterial property results. 
 
6.2.4.3 Degummed powder 
Degummed silk powders of all the four cocoon varieties were obtained by a milling process 
developed in the institute [175, 176]. 1 g of degummed powder was used for the antibacterial test. 
 
6.2.4.4 Sericin extraction 
Sericin was extracted using the procedure explained in chapter 5, section 5.2.3. 
 
6.2.4.5 Silk solution 
Silk solution of B.mori cocoon was prepared using the standard method reported previously [177] 
and was used to test its antibacterial activity. 
 
  
136 
 
6.2.5 Antibacterial tests 
 
Figure 6.1: Schematic diagram of the antibacterial test 
The schematic diagram of the AATCC 100-2004 test process is shown in Figure 6.1. Fifty 
microlitres of E.coli inoculum (8 x 108 colony forming units ml-1) were added to 5 ml of sterilised 
water to make a bacterial solution. 0.5 g of sterilised specimen was added to this bacterial solution. 
The bacterial solution was absorbed completely by the degummed fibres while the solution was not 
absorbed by raw and demineralised cocoons because of their water resistance [22, 43]. The 
inoculated samples were incubated for 18 h at 37 oC at 130 rpm in a shaker oven. A bacterial 
solution without the sample was used as a control. After 18 h of incubation, 100 ml of sterile 
deionised water was added to the sample and was shaken vigorously for 1 min in shaker oven.  
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Furthermore, serial dilutions of 101, 102 and 103 were made with sterile distilled water to obtain 
countable number of bacterial colonies [178]. 103 dilution was found to be suitable based on colony 
number in the range 30 - 300. 100 ml of the extract mixture was plated on agar plates and incubated 
for further 18 h at 37 °C [174]. After incubation, the plates were observed on the light box and 
pictures were taken.  
6.2.6 Water penetration effect 
Water penetration effect was seen on A.assamensis silk cocoon. Cocoon strips with outer cocoon 
surface and inner cocoon surface were fixed in a custom built rig. A droplet of water was placed on 
these cocoon surfaces and time taken for the water droplets to seep through the cocoon surface was 
noted.  
6.3 Results and discussion 
6.3.1 Antibacterial studies of raw cocoon 
Firstly, clean raw cocoons were tested for their antibacterial nature.  As shown in the SEM images 
in chapter 2, raw cocoons contain fibre, sericin and crystals and these cocoon components were 
present after cleaning and sterilization using autoclave. The bacterial colony growth in the control 
agar plate without sample can be seen in Figure 6.2 (a). The bacterial colony growth on agar plates 
for different raw cocoon varieties of B.mori, P.C.ricini, A.assamensis, and A.mylitta are shown in 
Figure 6.2 (b-d). Bacterial growth in cocoons was quite similar to the control plate except in the 
case of raw B.mori cocoon, which had a higher number of bacterial colonies. The results 
demonstrate that raw cocoons of any silk variety do not provide resistance to antibacterial growth in 
the case of E.coli.   
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Figure 6.2: Photographical image of antibacterial test after 18 h incubation for raw cocoons, 
bacterial conc. used for control plate is 103 CFU/ml 
 
6.3.2 Antibacterial studies on fibre 
To understand the influence of antibacterial properties of fibroin without the sericin and crystals, 
degummed fibres were tested for its antibacterial activity.  Degumming process for sericin removal 
involved chemical treatments using alkali. Residual degumming chemicals in the sample can 
increase the pH value which may have an effect on bacterial growth [179] .To confirm the effect of 
pH on E.coli growth, another set of experiment was conducted (Figure 6.3). In this experiment, the 
bacterial inoculum was subjected to different pH conditions (specifically pH 7, 8, 9 and 10). 
Sodium carbonate and sodium hydrogen carbonate were used to make solutions of different pH 
because they were used for degumming of silk cocoons. Figure 6.3 (a) shows the control plate at pH 
7 showing full bacterial lawn. Figure 6.3 (b-d) shows growth of E.coli in pH 8, 9 and 10, 
respectively. It was found that pH 10 could kill full strength E.coli bacteria completely. At pH 9, 
bacterial growth was largely reduced but there were still small independent colonies of E.coli as 
demonstrated in Figure 6.3 (c). At pH 8, growth was less supressed compared to pH 9 (Figure 6.3 
(b)).  
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Figure 6.3:  Photographical image of effect of pH on bacterial conc. of 108 CFU/ml 
 
Therefore, to understand the influence of antibacterial properties of degummed fibroin, it is 
important to remove alkali completely before the test. In order to remove the alkali from the 
degummed fibroin, the samples were thoroughly rinsed in deionised water for 6-7 days in a shaker 
incubator and water was changed twice a day to remove any alkali left in the sample. To ensure 
complete removal of alkali from the sample, the deionised water from the last rinse was also tested 
to see its effect on bacterial growth. Figure 6.4 (a) shows the control plate for bacterial growth in 
sterile deionised water and Figure 6.4 (b) shows the growth of bacteria in the water used for the last 
rinse of degummed fibre. It is evident that both plates had similar colonies. This ensured that the 
alkali was completely removed from the degummed samples. 
 
 
 
Figure 6.4: Antibacterial activity of water obtained after last sample rinse; bacterial conc. of 103 
CFU/ml, 18 h of incubation period 
Following this confirmation, degummed fibres were tested for antibacterial activity. Figure 6.5 
shows the bacterial colony growth for degummed fibre for different cocoon varieties. It is clear 
from Figure 6.5 that bacterial growth was similar to that of the bacterial growth in the control plate. 
  
140 
 
 
Figure 6.5: Photographical image of antibacterial tests for degummed fibre with bacterial conc. of 
103 CFU/ml after 18 h of incubation period 
 
To further understand the presence of elements inside fibre that may have antibacterial activity, 
experiments were also conducted on degummed silk fibre powders of different silk varieties. Figure 
6.6 shows antibacterial activity of degummed silk powders. It is clear the bacterial growth on the 
degummed powders (Figure 6.6 (b-d)) was more than in the control sample (Figure 6.6 (a)). This 
shows that silk powder helped the bacteria to grow. In addition, more growth of bacteria was found 
in powders compared to fibres for all silk species. Further studies are warranted to understand the 
influence of higher bacterial growth on silk powders.  
 
 
Figure 6.6: Antibacterial activity of degummed powders with bacterial conc. of 103 CFU/ml after 18 
h of incubation period 
 
6.3.3 Antibacterial properties of sericin 
The results from raw cocoons and degummed fibres provided no evidence of any antibacterial 
properties of sericin. However, to further confirm this, extracted sericin solutions from the four silk 
cocoon varieties were tested for antibacterial studies. The sericin solution without alkali was 
obtained after dialysis. The growth of bacterial colonies for sericin solutions extracted from 
different silk varieties is presented in Figure 6.7 (b-d). It is evident that the number of bacterial 
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colonies in sericin from all the cocoon varieties is higher than the number of bacterial colonies in 
control plate (Fig. 6.7 (a)).  This result further confirms that sericin does not have antibacterial 
properties against E.coli. The native properties of sericin might have been changed during 
extraction but as raw cocoons also did not show any antibacterial property; any changes in the 
sericin properties do not seem to have affected the antibacterial test results obtained. 
 
 
Figure 6.7: Photographical image of antibacterial tests for sericin with bacterial conc. of 103 
CFU/ml after 18 h of incubation period 
 
6.3.4 Antibacterial studies on calcium oxalate hydrate crystals 
Antibacterial tests were also conducted on demineralised cocoons (without crystals). Figure 6.8 
shows antibacterial test results for demineralised cocoon. It was found that the bacterial colony 
growth in the control (Figure 6.8 (a)) and sample plate (Figure 6.8 (b)) of demineralised sample was 
similar. As there was no difference between tests before and after demineralisation, the possible 
role of crystals in antibacterial properties could not be justified. 
 
 
 
Figure 6.8: Antibacterial activity of demineralised cocoon with bacterial conc. of 102 CFU/ml after 
18 h of incubation period 
  
142 
 
To further confirm the results of no antibacterial properties of crystals, an experiment was 
performed by growing E.coli in the presence of crystals isolated by sonication treatment as outlined 
in chapter 4, section 4.2.2.2. Figure 6.9 shows the crystals did not show any antibacterial activity 
towards E.coli as full bacterial lawn was seen both in the sample as well as control plate (Figure 6.9 
(a-b)) further confirming no antibacterial properties of silk crystals against E.coli. 
 
 
Figure 6.9: Antibacterial activity of cocoon crystals with bacterial conc. of 108 CFU/ml after 18 h of 
incubation period 
 
6.3.5 Antibacterial properties of cocoon extracts 
A method by Pandiarajan et al. [47] was used to get the cocoon extracts. Accordingly cocoon shell 
extracts from B.mori were prepared using Tris-HCl buffer for B.mori (domestic silk) and 
A.assamensis cocoons. Figure 6.10 shows antibacterial activity of the cocoon extracts. Figure 6.10 
(a) shows the bacterial colonies in the control plate. Figure 6.10 (b) shows growth of E.coli in Tris-
HCl buffer (pH 7.5). It shows a clear plate without any bacterial colonies, which indicates that Tris-
HCl buffer itself, can kill E.coli. Therefore when antibacterial tests were performed using AATCC 
100-2004, it was found that B.mori extracts in water showed full growth of bacterial colonies 
(Figure 6.10 (c)) while B.mori extracts (Figure 6.10 (d)) and A.assamensis extracts in Tris-HCl 
buffer (Figure 6.10 (e)) were found to be bactericidal and this was because of the buffer itself.  
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Figure 6.10: Antibacterial activity of cocoon extracts obtained by Tris-HCl buffer with bacterial 
conc. of 103 CFU/ml after 18 h of incubation period 
 
6.3.6 Antibacterial properties of other silk proteins 
The whole cocoon extract was also tested by dissolving the B.mori cocoon and preparing the silk 
solution to see if any other proteins other than the structural silk proteins might have a role in the 
protection of pupa [134]. Figure 6.11 (a) shows bacterial colonies in the control plate and Figure 
6.11 (b) shows the bacterial colonies in the B.mori silk solution. It was found that other proteins, if 
any present in cocoon apart from fibre and sericin also have no role in providing bacterial 
protection. 
 
 
Figure 6.11: Antibacterial activity of silk solution with bacterial conc. of 105 CFU/ml after 18 h of 
incubation period 
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6.4 Analysis of antibacterial properties  
Figure 6.12 shows the schematic representation of cocoon components tested for antibacterial 
activity. In this study, experiments were carefully designed to exclude the influence of residual 
degumming chemicals. The present study used sericin after dialysis and fibroins after extensive 
rinsing, to remove any salts or alkalis, so as to ensure that tests were performed without the 
influence of high pH which could change results as suggested in Figure 6.3(a-d). It was revealed 
that silk with sericin, if isolated and used without the presence of residual chemicals, had no 
antibacterial activity and that isolated silk sericin helped better growth of bacteria.  
 
Figure 6.12: Schematic representation of cocoon components tested for antibacterial activity 
 
 
In this study, it was clearly indicated that silk fibroin of all the four silk varieties (B.mori, P. ricini, 
A.assamensis, and A.mylitta) that covers domestic, semi-domestic and wild silkworms do not have 
resistance towards gram negative bacteria E.coli. Evidence was provided showing that the growth 
of bacteria could be due to presence of residual chemicals as shown in Figure 6.3 (c-d) and Figure 
6.10 (d-e) and in the absence of such chemicals, neither silk fibres nor crystals showed antibacterial 
property against E.coli. On the other hand, bacterial growth was supported by silk powders 
compared to control. It is not clear at this stage the reason for higher growth of bacteria in silk 
powder. These studies used stifled cocoons and specimens were autoclaved prior to antibacterial 
tests. It is not known whether these heat treatments had any influence and whether green cocoons 
would show any different results. Further studies are warranted to understand such behaviour.  
 
 
 
Also the antibacterial activity offered by the silk cocoons can be an indirect effect. In one of the 
experiment conducted to understand the penetration of water through the cocoon layer, it was found 
that the outer cocoon surface resists water penetration even after 3 h.  
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Figure 6.13: Digital image of water droplet on the cocoon surface after 3 h 
Since water is likely to be the medium for transfer of bacteria into the cocoon and as it cannot 
penetrate through the cocoon layer it might offer resistance to the cocoon from bacteria. 
6.5 Conclusion 
 
The response of various silk cocoon components from different varieties of silk against gram 
negative bacterial species E.coli was investigated. Antibacterial tests were conducted on sericin, 
crystals and fibres after isolation from cocoons. It was found that no cocoon components resisted 
growth of E.coli. In fact, sericin and fibre powders helped their growth beyond that in the control 
sample. When tested in raw form, semi-domestic and wild cocoons showed the same number of 
bacterial colonies as that of the control, while domestic silk cocoons showed more bacterial growth. 
The study provided evidence that higher pH and presence of any silk processing chemicals may 
assist inhibiting or killing bacteria and that if the processing chemicals are not removed, it may 
result in misleading antibacterial test results. 
The results showed that the previously reported antibacterial properties of silk cocoons were 
actually due to residues of chemicals used to isolate/purify cocoon elements, and properly isolated 
silk fibre, gum and embedded crystals free from such residues do not have inherent resistance to 
E.coli. This study removes the uncertainty created by previous studies over the presence of 
antibacterial properties of silk cocoons, particularly the silk gum, sericin.     
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CHAPTER 7 - PHOTOPROTECTION BY SILK COCOONS 
 
7.1 Introduction 
As discussed previously in chapter 1, the cocoon provides an effective shield to the silkworm pupae 
from many foreign threats including solar radiation.  A silkworm prefers to spin its cocoon in a low 
light environment. The transformation of the caterpillar to pupa and then to the moths happens 
inside the cocoon. Despite its thin wall of less than 1 mm, a cocoon effectively shields the visible 
light from reaching the worm in the pupal phase. It is hypothesized that apart from visible light the 
cocoon effectively protects the pupa from UV radiation.  
From the current literature, neither the influence of UV radiation on the development of silkworm 
in the pupal phase nor the UV blocking function of the cocoon is well understood. Sericin has been 
used in the cosmetic industry because of its moisturizing, antiageing and antioxidant properties 
[118, 139-141]. Use of sericin in cosmetics is encouraged by experimental results showing that it 
can inhibit apoptosis induced by UV radiation [52]. However no direct evidence of photoprotection 
of sericin has been demonstrated.  In a silk cocoon, both silk fibre and silk sericin are expected to 
provide UV shielding for the silkworm pupae, but their respective role in contributing to such 
protection is not yet understood. This calls for the study of the UV protection capacity of silk 
cocoons with and without sericin.  
Domestic, semi-domestic and wild silk cocoons were selected to understand whether there is any 
natural mechanism to shield UV radiations based on exposure level ranging from hot (+40 oC) to 
extremely cold conditions (-40 oC).  Moreover as the physico-chemical properties of fibre and 
sericin from different types of silk varieties distinctly vary [6, 180], the study was designed to know 
if the differences in the physico-chemical properties of the fibre and sericin also influence the UV 
absorption in these cocoon varieties.  
Reflectance spectroscopy has been used in this study to measure the UV absorbance of solid silk 
materials [181]. It is a useful technique to analyse the diffusely reflected light from the phase 
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boundaries of solid materials such as fibres, biomaterials and polymers and has been used to study 
the UV absorbance of protein materials [182]. The study on the photoyellowing of the silk cocoons 
was also done to measure the propensity of the fibre to get photodegraded. P.C.ricini cocoon 
variety was used as it is known for its photoyellowing. In addition to reflectance spectroscopy,  
photoinduced chemiluminescence (PICL) was used to measure the number of free radicals 
produced when silk materials were exposed to UV radiation [183]. In this technique a certain 
wavelength of light from a light source is exposed to the sample and the sample oxidative 
degradation is monitored since organic materials undergo some form of oxidative degradation due 
to the initiation of photochemical reaction. 
7.2 Experimental 
7.2.1 Materials 
Four silk cocoon varieties B.mori, P.C.ricini, A.assamensis and A.pernyi were used. A.pernyi 
cocoons were produced in very cold regions of North East China (minimum temperature down to    
-40 oC) whereas other silk cocoons were harvested from tropical regions of North East India 
(maximum temperature upto 40 oC). Calcium oxalate monohydrate powder, sodium carbonate, 
sodium hydrogen carbonate and snake skin pleated dialysis tubing (M.W cut off 3.5 kDa) were 
purchased from Sigma Aldrich Australia. 
7.2.1.1 Preparation of materials for UV absorbance measurements 
Diffuse reflectance measurements were carried out on the raw cocoon shell and also on different 
layers of the cocoon shell after peeling off outer layers. The cocoon layers were carefully peeled off 
using a magnifying glass to ensure that thickness of layers were almost equal. Measurements were 
performed before and after removing calcium oxalate monohydrate crystals (demineralisation) and 
sericin (degumming). The samples were cut into 30 mm circular patches for the measurements.  
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Figure 7.1: Digital images of silk cocoon samples used for reflectance and PICL measurements 
The following protocols were used for isolating fibres, sericin and crystals for measurement of the 
properties of these individual components: 
Demineralisation: Demineralised cocoon (cocoon without calcium oxalate monohydrate crystals) 
was obtained according to chapter 4, section 4.2.2.1. The concentration of EDTA disodium salt 
solution used was 0.5 M. The pH of the final solution was kept at 8. All cocoon varieties except 
from B.mori were demineralised since they had mineral crystals on their surface.  
Degumming: The silk cocoons were degummed according to the degumming process explained in 
section 2.2.1.2 except for B.mori. The B.mori cocoons were degummed for 30 minutes. The 
degumming conditions used for B.mori are not sufficient to remove gum from non-B.mori silk 
cocoons. The nature of gum in these silk cocoons is different and therefore a longer time is required 
for non-B.mori silk degumming [82, 115]. Only base degummed fibres were used for testing the 
UV absorbance properties since the wetting agents can form a coating over the fibre surface. 
Degumming can remove both sericin and crystals, whereas demineralisation does not affect silk 
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gum and only removes the crystals. Hence demineralisation was performed before degumming to 
prepare silk with gum but without crystals. After demineralisation and degumming procedures, all 
materials were rinsed carefully with deionised water and then dried at 60 oC. The absence of 
crystals and gum was verified by SEM imaging after demineralisation and degumming processes 
respectively.  
Sericin isolation and purification: Sericin was isolated according to the procedure mentioned in 
chapter 4, section 5.2.3. After the removal of alkali was confirmed by the pH value of the deionised 
water which was found to be 7, the dialysis sacks containing the silk sericin solution were reverse-
dialysed against polyethylene glycol (15 %) for 1 day to increase the concentration of the aqueous 
sericin solution. Finally, the solution was centrifuged at 7000 rpm at 4 oC for 10 minutes to remove 
any undissolved matter and the supernatant solution was preserved at 4 oC. The concentration of the 
solution was measured by a gravimetric method. 
 
Calcium oxalate monohydrate crystals: As it was difficult to obtain a significant amount of crystals 
from the cocoons after demineralisation, for reflectance measurements, commercial calcium oxalate 
monohydrate crystals were used in this study. 
7.2.3 Photo property measurements 
7.2.3.1 Diffuse reflectance of solid silk samples 
A UV-Vis spectrophotometer, Cary 300 Bio UV-Visible spectrophotometer was used for the study 
which was fitted with a 70 mm diameter integrating sphere (DRA-CA-301, Labsphere, New 
Hampshire, USA) made from Spectralon, a pure form of polytetrafluorethylene (PTFE). The spectra 
in the region between 200-800 nm were obtained by mounting the circularly cut specimen over the 
sample port using a 0o wedge. Firstly, a spectralon reference standard was used to record the 
baseline. For raw cocoons of silk, measurements were made by exposing outer and inner layer of 
the cocoon specimen to the UV radiation. The spectra of degummed fibres were obtained by 
covering the sample port with 1 g of loose fibres or 1g of fibre compressed in a pellet. The spectrum 
of commercial calcium oxalate monohydrate was obtained by putting 4 g of powder in a resealable 
polyethylene bag transparent to UV range and then placing the bag over the sample port using a 0o 
wedge. Five specimens were used for diffuse reflectance measurements for each sample and an 
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average was calculated. Diffuse reflectance values measured in this study were presented as 
remission function F (R∞) against wavelength.  
 
Figure 7.2: Digital image of UV-Vis Spectrophotometer 
7.2.3.2 UV absorbance of sericin solution 
For sericin solutions, UV absorbance spectra were obtained between 200 and 800 nm using a Cary 
3 UV-Vis spectrophotometer (Varian, Melbourne, Australia). 0.1 % sericin solution was tested 
using absorbance mode for all the cocoon varieties.  
7.2.3.3 Photoinduced chemiluminescence 
Photoinduced chemiluminescence (PICL) has been used to study the free radical mechanism of 
photodegradation under ultraviolet light [184]. It provides information about free radical reactions 
in biological and synthetic organic materials [185]. A weak chemiluminescence is emitted when the 
biomaterial undergoes oxidative degradation. The PICL intensity is proportional to the 
concentration of reactive peroxy radicals generated in the irradiated material.  
A Lumipol 3 Thermal Chemiluminescence (CL) instrument was used [185]. The measurements 
were done on raw cocoons and degummed fibres. The cocoons were cut very carefully into small 
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pieces and 0.1 g of sample was compressed into pellet using 5 mm die and a 5 tonne load in the 
Spectropress. Each specimen was placed in an aluminium pan located directly on top of a heating 
element in the instrument and then irradiated with UV light (320-400 nm) at a fixed temperature of 
40 oC [116, 183]. A high intensity medium pressure mercury lamp (Lumatec SUV-DC, Lumatec 
GmbH, Deisenhofen, Germany) produced a selected wavelength of light with spectral intensity of 
365 nm and this light entered the Lumipol instrument via a flexible light pipe and then irradiated the 
sample through a 45 o quartz prism which was placed above the sample cavity. After the sample 
irradiation, the light pipe was withdrawn in order to allow measurements of weak 
chemiluminescence that emit from the sample. The gases used to obtain a controlled atmosphere 
were O2 and N2. The gas flow rates were between 50 and 200 cm3/min [185].  
 
Figure 7.3: Digital image of Photoinduced chemiluminescence instrument 
 
The test specimen was allowed to equilibrate in the instrument in a nitrogen atmosphere until a 
steady baseline was obtained. The specimen was then irradiated for two minutes when a large 
luminescence emission was observed. Two minutes after cessation of irradiation, the atmosphere 
was switched from nitrogen to oxygen, resulting in a burst of PICL that decayed very slowly [185].  
7.2.3.4 Study on photoyellowing of silk cocoons 
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Experiments were conducted on P.C.ricini silk cocoons in raw and degummed form. Both raw 
P.C.ricini cocoon and degummed fibres were irradiated with UV-B for 4 h, 8 h and 16 h. The 
standard weight of the sample should be in between (0.5000-0.5200 g). The cocoon was cut into 
strips that face the four walls of the cuvette. The cocoon strips were weighed and the remaining 
weight was fulfilled by filling cotton wool in the centre of the cuvette. The fibres were filled in 
directly to give a smooth appearance. The yellowness can be determined by yellowness and 
whiteness indices which are a sensitive indication of surface modification in fabrics 
[186].Yellowness index for the samples was evaluated according to ASTM D 1925 using Colour 
Spec data colour [187]. 
7.3 Results and discussion 
7.3.1 Sericin (gum) distribution 
As discussed in chapter 2 in section 2.3.4 there is a gradual decrease in sericin content from outer to 
inner layers for all cocoon varieties. This is supported by the SEM images (chapter 2, Figures 2.3-
2.7). Such a gradual decrease of sericin, particularly in B.mori, has a significant effect on the UV 
absorption properties (discussed in section 7.3.2).  
7.3.2 Absorption of UV 
UV absorption spectra for solid samples are presented as remission function F(R)∞ against 
wavelength. F (R∞) is the Kubelka-Munk function [181], which is used for measuring absorption of 
solid materials and is calculated from the following equation: 
F (R∞) = (1-R∞) 2                    [equation 1]  
F (R∞) is equal to K/S where K is the absorption coefficient and S is the scattering coefficient.  
Figure 7.4 shows the UV absorbance spectra of outer and inner surface of the cocoon shells of all 
four silk varieties. It is clear that there is a broad absorption characteristic below 450 nm, indicating 
that the cocoons absorbed UV light in the entire UV range. For the B.mori cocoon, the outer surface 
showed UV absorbance peaks at 240 nm, 276 nm, 287 nm, 316 nm and 376 nm. The inner surface 
of B.mori showed UV absorbance peaks at 217 nm, 240 nm, 276 and 287 nm. In all the four cocoon 
2R∞    
  
153 
 
varieties studied, more UV radiations were absorbed by the outer surface than the inner surface. 
This is expected because the outer layer is exposed to natural UV light and therefore a higher 
absorbance is likely to assist in providing higher UV shielding ability. 
 
Figure 7.4: UV/Visible diffuse reflectance spectra of the outer and inner layers of a cocoon shell of 
four cocoon varieties 
The outer surface of P.C.ricini cocoon shell showed UV absorbance peaks at 218 nm, 240 nm, 281 
nm and 313 nm (Figure 7.4). The inner surface showed peaks at the same wavelengths. Similarly 
for A.assamensis, the outer surface showed UV absorbance peaks at 218 nm, 248 nm, 281 nm, and 
316 nm. The inner surface of the cocoon shell showed peaks at 218 nm, 240 nm and 281 nm. For 
A.pernyi, the outer surface of the cocoon shell showed UV absorbance peaks at 218 nm, 248 nm, 
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287 nm, and also at 345 nm. When the inner surface was exposed in the experiment, the peak 
positions were at 218 nm, 240 nm, 287 nm, and at 345 nm.  
Absorption in protein in the UV-B region of 250-300 nm with maxima at about 280 nm is attributed 
to amino-acids tyrosine, tryptophan and phenylalanine [182]. Tryptophan, tyrosine and 
phenylalanine contents are 0.3-3 %, 4.5-6 % and 0.1-0.7 % respectively among the different silk 
species studied [6, 68, 188, 189]. The small shifts in peak position from 280 nm may be from 
interference by other chromophores [190].  The absorbance in the UV-C regions with a peak close 
to 217 nm is likely from the peptide bonds [190]. 
The 248 nm peak was missing in the inner cocoon region of A.assamensis and A.pernyi. It is likely 
that this peak is associated with the calcium oxalate monohydrate crystals and therefore is absent in 
B.mori where there are no crystals as seen in chapter 2, Figure 2.3. Also this peak was absent in 
P.C.ricini. Although P.C ricini in our study was found to contain crystals, any previous study did 
not report the presence of crystals in P.C.ricini cocoons. But it was found that the size of crystals in 
P.C.ricini cocoon was smaller (50 nm – 1000 nm) as compared to the size in other wild cocoon 
varieties. The size of the crystals can be the reason for the absence of a reflectance peak in 
P.C.ricini. It was further confirmed that the peak at 248 nm comes from calcium oxalate 
monohydrate crystals by measuring the spectra for commercial calcium oxalate monohydrate 
crystals alone. Figure 7.5 shows that the absorbance peak of these crystals is found at 248 nm. 
These peaks are absent in demineralised cocoon but present in the raw cocoons. The results 
therefore confirm that the peak at 248 nm in the outer layer of A.assamensis and A.pernyi was due 
to the calcium oxalate monohydrate crystals. The amount of crystals obtained from the cocoon 
surface was not sufficient to perform diffuse reflectance studies. Therefore commercial calcium 
oxalate monohydrate powder was used in this study to confirm the peaks (Figure 7.5).  
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Figure 7.5: UV/Visible diffuse reflectance spectra of commercial calcium oxalate monohydrate 
crystals and demineralised A.assamensis cocoon 
It was verified using XRD, FTIR and DSC studies that there is no difference in composition 
between the commercial calcium oxalate monohydrate crystals and crystals obtained from cocoons 
as shown in chapter 4. 
The difference in UV absorbance between the outer and inner surfaces as seen in all cocoons is 
likely to be influenced by the difference in the construction or the composition of the cocoons 
between outer and inner layers. 
To investigate the influence of cocoon compositions, different cocoon components were isolated for 
further study. At first, fibres obtained from the three different layers of the cocoon were used and 
their diffuse reflectance was measured. In the degummed fibre of B.mori, three peaks were seen at 
217 nm, 240 nm and 287 nm (Figure 7.6).  There was hardly any difference in the absorption 
behaviour of the fibres from different cocoon layers. The same observation was made for P.C.ricini 
which showed absorbance peaks at 218 nm, 240 nm and 281 nm for fibres from different layers 
(Figure 7.6). A similar trend was also seen in other cocoon varieties. Thus the results confirmed that 
the difference in the UV absorbance between the outer and inner layers was not due to the fibres. 
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Figure 7.6: UV/Visible diffuse reflectance spectra of, (Upper): Fibres degummed from peeled 
cocoon layers and, (Lower): Peeled raw cocoon layers 
To further understand the variation in absorbance in different parts within a cocoon, a layer-by-
layer absorbance study was conducted on raw cocoons. The results for B.mori, which had the 
highest amount of sericin among the studied silk varieties, and P.C.ricini, which had the lowest 
amount of sericin, are shown in Figure 7.6. It can be seen that there was significant difference in the 
UV absorbance intensity between the different layers for B.mori.  On the other hand, for P.C ricini, 
such difference was very small. The results therefore indicate that the sericin content and its 
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distribution as reflected in Table 2.1, chapter 2 in the different cocoon layers may be responsible for 
such layer-to-layer variation of UV absorbance. As the outer layer of B.mori has the highest amount 
of sericin, it has the highest absorbance.  The absorbance gradually decreases from the outer to 
inner layers as the amount of sericin decreases.   In P.C.ricini, where the variation in sericin content 
is negligible, there is only marginal difference in the absorbance intensity between layers. These 
measurements were performed using pieces of peeled layers with almost equal thickness from each 
layer. Some small difference in thickness of the peeled cocoon layers does not alter the results as it 
was confirmed that the diffuse reflectance from one cocoon shell and that from three cocoon shells 
combined were the same. 
It is also evident that, in the absorption spectra of B.mori (Figure 7.6), the peaks in UV-A region 
decreased from outer to inner layers. Thus these peaks could be associated with sericin. To further 
confirm whether the sericin was responsible for the UV-A absorption, optical absorption 
measurements were performed on sericin solutions. Figure 7.7 shows the absorbance spectra of 
sericin solutions for the four cocoon varieties. It is clear that sericin of all cocoon varieties absorbs 
UV-A radiation. Therefore the results further support that sericin is the major contributing factor for 
the UV-A absorption of cocoons. Moreover the UV absorbance of semi-domestic and wild silk 
cocoon varieties was found to be higher than the domestic silk cocoon varieties as the concentration 
of the sericin solution tested was the same for all the four cocoon varieties. 
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Figure 7.7: UV/Visible absorption spectra of sericin solutions for four cocoon varieties 
Amino-acid characteristics of sericin from all the silk species used in this study are not known. 
However for B.mori and A.mylitta silk, the sericin has lower tyrosine content than fibroin. 
Moreover tryptophan and phenylalanine contents are negligible or undetectable in sericin.  As 
A.mylitta, A.assamensis and P.C.ricini belong to the Saturniidae family; these are expected to have 
aminoacid composition of sericin similar to A.mylitta. Thus it was suggested that the absorption 
peak at about 280 nm in all silk sericin (Figure 7.7) is due to tyrosine whereas for cocoons the 
absorption in this region (Figure 7.4) also comes from tyrosine, tryptophan and phenylalanine 
present in silk fibroin. 
7.3.3 Photoyellowing of silk cocoons 
The stability of the silk cocoons against UV-B exposure was studied by looking at its ability to get 
photo yellowed. The change in the yellowness index can be found before and after irradiation of 
UV-B exposure. It has been seen that exposure of silk to sunlight produces an obvious 
photoyellowing and this is due to photo-oxidation of tyrosine and tryptophan residues, resulting in 
the formation of yellow chromophores [186]. 
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Formula used: 
▲YI = 100 (YI2-YI1)/ YI1, [191] where YI1 is yellowness of initial sample 
YI2 is yellowness of irradiated sample 
YI1, YI2 is obtained from Y-Z values directly from the software in data colour instrument 
 Y-Z at 0 h (YI1) Y-Z at 4 h (YI2) YI2-YI1 
Degummed P.C.ricini 7.50 ± 0.26 12.65 ± 0.12 5.16 
Raw P.C.ricini 7.09 ± 0.39 10.44 ± 0.32 3.34 
 
Table 7.1: (Y-Z) values at different time intervals after irradiation of UV light 
From Table 7.1 when delta values were calculated it was found that change in yellowness for 
degummed P.C.ricini fibre was ~5 % and for raw P.C.ricini cocoon it was ~3 % after 4 h exposure 
of UV-B light. From the above results it was concluded that there was less photoyellowing in raw 
P.C.ricini cocoon. This was due to the presence of sericin in the raw cocoon. There was only a 
difference of 2 % between raw cocoon and degummed fibre of P.C.ricini because it contained less 
sericin as seen from Table 2.1, chapter 2. The raw silk cocoon and degummed fibres were exposed 
for upto 8 h and 16 h but it was found that there was no significant change in the yellowness index 
beyond 4 h exposure. Yellowness index was also calculated for A.assamensis raw and degummed. 
But since A.assamensis cocoon was already brown, no difference was seen in (Y-Z) values before 
and after UV-B exposure. B.mori silk cocoons were yellowish white in colour in their raw form, 
therefore were not used for this study.  Student’s t test was done on the data in Table 7.1, p value 
was found to be 0.0003 and the difference was found to be statistically significant.                                                
7.3.4 Photoinduced chemiluminescence 
Figure 7.8 shows the photoinduced chemiluminescence (PICL) on raw cocoons and degummed 
fibres of four cocoon varieties. Peak 1 in Figure 7.8 is the phosphorescence peak and occurs in the 
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presence of nitrogen. This peak was also found in the absence of the sample and is due to irradiation 
of the metal components in sample cavity as explained by Millington and George [183]. Peak 2 in 
Figure 7.8 is the chemiluminescence peak and is obtained in the presence of oxygen. The intensity 
of peak 2 corresponds to the free radicals generated upon exposure to UV-A. The 
chemiluminescence intensity levels of the silk cocoons follow the order of P.C.ricini (770 Hz) 
>A.pernyi (288 Hz)> A.assamensis (272 Hz)> B.mori (220 Hz). As this intensity is directly 
proportional to the free radicals generated upon exposure to UV-A, the data clearly indicates that 
UV-A radiation triggers significantly higher photo-induced chemical changes in P.C.ricini silk 
compared to the other three varieties. The free radical generation is smallest for B.mori silk which 
has the highest amount of sericin among the four silk varieties. This suggests that sericin blocks 
UV-A light and prevent the photo-degradation of silk fibres. As the amino-acid compositions of 
three non-B.mori silk fibres are very similar to each other, it is unlikely that the large variation in 
chemiluminescence seen between the silk species is due to the variation in amino-acid composition 
of silk fibroin.  
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Figure 7.8: Photoinduced chemiluminescence intensity decay profiles of raw cocoon and 
degummed fibres as a function of time after UV-irradiation 
 
To verify the effect of sericin on chemiluminescence, experiments were conducted on degummed 
silk fibres. For all the four varieties, the chemiluminescence intensity of degummed silk was higher 
than that of undegummed fibres. The chemiluminescence intensity of degummed silks followed the 
order of P.C.ricini (770 Hz) > A.assamensis (556 Hz) >A.pernyi (506 Hz) > B.mori (510 Hz). The 
increase in chemiluminescence intensity due to the removal of sericin was 56 %, 51 %, 43 %, 0 % 
for B.mori, A.pernyi, A.mylitta and P.C.ricini, respectively.  The increase in chemiluminescence 
intensity due to degumming again suggests that sericin could reduce the ability of UV-A exposure 
of fibres and in turn to prevent free radical generation in fibres. In fact, the amount of changes in 
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chemiluminescence intensity after degumming follows the order of sericin content as shown in 
Table 2.1, chapter 2.   
The results of chemiluminescence measurements support the UV absorption studies and confirm 
that sericin plays a major role in blocking UV radiation, particularly UV-A in cocoons. 
7.3.5 Mechanism of UV-A shielding and free radical scavenging 
The absorption of UV-A cannot be explained by the composition of amino-acids of fibroin and 
sericin. It is known that mycosporine-like amino-acids (MAA), which are secondary metabolites 
produced by marine, freshwater and, to a smaller degree, by terrestrial organisms, absorb UV-A 
radiations and act as natural defence against UV degradation [192]. Similarly lipid-soluble yellow-
brown pigments in certain cyanobacteria are known for UV-screening ability including UV-A 
region [192].  
There is also the possibility that traces of yellow pigments (which are invariably UV-A absorbers) 
are produced as photo-oxidation products when silk is exposed to UV wavelengths in light. 
Tyrosine residues in protein decrease at a more rapid rate than other amino-acid residues on 
exposure to UV light [193]. A transient chromophore absorbing at 460 nm is formed when silk is 
exposed to brief pulsed UV-A 354 nm radiation [194]. So one could hypothesise that oxidised 
tyrosine residues in the cocoon protein exposed to UV will increase the UV protection depending 
on dose. This is analogous to melanin pigment production in pale human skin exposed to UV 
wavelengths in sunlight, which is also derived from Tyrosine residues. Intermediate Tyrosine 
oxidation products such as dopachrome are often called melanin precursors.  However, based on 
surveyed literature, the origin of colour or the structure of pigments, if present in silk, particularly in 
the case of strongly coloured silk such as A.assamensis is not known. So further investigations are 
warranted to clarify whether any such compounds or pigments other than fibroin and sericin present 
in silk are responsible for absorption of UV-A and inhibition of free radicals on exposure of  UV-A 
as shown in this study. 
Oxidants (free radicals) are generated in the substrate on exposure to UV light, and therefore any 
increase in their number may cause damage by several chemical reactions. This damage is referred 
to as oxidative stress. Therefore antioxidants provide defence by maintaining a balance and 
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removing any excessive free radicals [195]. It has been found that sericins of both domestic and 
wild silk cocoons have antioxidant properties [54, 55, 196]. Ability of liquid sericin to scavenge free 
radicals has been studied by electron spin resonance techniques [55]. In this study PICL was used to 
show the number of free radicals produced when solid silk materials were exposed to UV radiation. 
This result clearly demonstrates the radical scavenging property of solid sericin as present in 
cocoons. In other words, sericin acts as a barrier against oxidative environmental stress to protect 
cocoon structure [196].   
The outdoor reared silk such as A.pernyi and A.mylitta produce cocoons with significantly harder 
cocoon shell despite their comparatively smaller shell thickness and lower sericin content compared 
to indoor reared silkworms [5, 180]. Hence it is likely that the gummy matrix of an outdoor reared 
cocoon is quite different and helps to protect the cocoons from physical attack (e.g. from birds and 
twigs). This study revealed that outdoor reared A.pernyi has similar UV blocking ability to indoor 
reared B.mori despite its significantly lower sericin content. On the other hand A.assamensis 
silkworms produce cocoons in indoor environment but have shown the highest UV blocking 
characteristic despite significantly lower sericin content compared to B.mori. The results suggest 
that composition of the gummy matrix plays the major role in UV absorption. As fibre protein is 
known to degrade by photo induced reactions, the study gives clear evidence that the presence of 
gum can prevent free radical generation and hence reduce photo degradation of silk fibres. This 
study is likely to inspire further studies to understand the mechanism of absorbance to develop 
organic UV shielding materials such as sun creams and UV protective garments.  
7.4 Conclusion 
From the UV absorbance studies done on the silk cocoon components it was found that both silk 
fibre and sericin, the major cocoon components, absorbed UV-A and UV-B radiation, whilst 
calcium oxalate monohydrate crystals absorbed only UV-C radiation for all silk varieties studied. 
An increase in the free radical generation after the removal of sericin confirmed the photo-
protective function of sericin. The cocoon design with progressively higher sericin content towards 
the outer layers is effective to shield the pupae from UV radiation and at the same time protects 
fibres from photo-degradation and oxidative environmental stress. 
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CHAPTER 8 - SUMMARY AND FUTURE WORK 
 
8.1 Executive summary 
Silk cocoons are produced by the 5th instar silkworms as part of their lifecycles. These silk cocoons 
are assumed to provide protection to the pupae from biotic and abiotic threats such as extremes of 
temperature, UV light, pathogens and predators. This research aimed to understand the cocoon 
structure and cocoon elements and how they affect properties such as UV absorption, resistance to 
bacterial growth and indentation. Specifically the work in this thesis has covered the following five 
key areas: 
¾Examination of different layers of silk cocoons and fibres 
¾Optimising the demineralisation (process of removing crystals) and degumming processes 
(process of removing sericin)  
¾Mechanical protection by various silk cocoon components 
¾Investigating the protection roles of cocoon components against ultraviolet light 
¾Protection by various silk cocoon components against bacteria 
Silk cocoon varieties from different geographical locations and silk rearing conditions were used. 
These can be broadly classified into three types: domestic (B.mori, P.C.ricini), semi-domestic 
(A.assamensis) and wild (A.mylitta, A.pernyi) silk cocoon varieties. 
The thesis begins with relevant literature about the process of production of silk cocoons during the 
lifecycle of a silkworm. It explains the morphology and structure of the silk cocoons and how these 
relate to their physical properties. Further it explains the methods involved in isolating the various 
cocoon components and later it explains the role of the various cocoon components in protection. 
The important gaps identified in current knowledge, the experiments involved to fill some of these 
gaps, major outcomes and new opportunities identified during this work are summarised in this 
final chapter of the thesis.  
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8.1.1 Silk cocoon structure and removal of cocoon components 
Silk cocoon is a protein fibre composite shell formed by a twin filament (bave) of high molecular 
weight fibroin proteins surrounded by glue like proteins, sericin. The shell is a multilayered 
structure made of overlaying bave. The domestic silk cocoons consist of two proteins, fibroin and 
sericin, while the semi-domestic and wild silk cocoons consist of additional crystals apart from 
sericin and fibroin. These silk cocoons are believed to provide protection to the silkworm from 
extremes of temperature, UV light, bacteria and predators. Therefore it was required to investigate 
which cocoon elements are responsible for a specific protective role. In order to investigate this a 
methodology was established to isolate the cocoon components effectively from the cocoon.  
First the distribution of the cocoon components in the various layers of the cocoon was studied. The 
distribution of the cocoon components from one layer to another has not been studied previously. 
The cocoon layers were peeled gently by hand and the cocoon elements in each layer were studied. 
Each layer was observed under SEM and studied using FTIR and DSC techniques. From the SEM 
images it was observed that the fibres are loosely packed in the outer cocoon layer while they are 
tightly packed in the inner cocoon layer. It was also seen that the amounts of sericin and crystals 
decrease gradually from outer layer to inner layer. This was confirmed by FTIR and DSC results. 
DSC results also showed that the degradation temperature of wild silk cocoon varieties was higher 
than the domestic silk cocoon varieties except for eri which had the highest degradation 
temperature. Variations in cross sectional shape, size and area of fibres from outer layer to inner 
layer in A.assamensis were also investigated. Cross sections were more deformed from circular in 
the inner layers than in the outer layers.  
Isolation of the cocoon elements (crystals, fibre and sericin) in a pure form is a challenging task. It 
is important that the chemical or physical processes involved during the process of isolation remove 
one cocoon component without affecting the others. It ensures that the tests can be performed by 
removing a component without affecting the other components and cocoon structure.  Thus it helps 
understanding the cocoon shell properties and associated protective functions of each component. 
Currently the commercial reeling of semi-domestic silk cocoons is performed after cooking the 
cocoons at boil in alkali to remove part of the silk gum and crystals using partial degumming 
methods. A new method of removing only the crystals by chemical solutions (1 M EDTA) at pH 10 
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was suggested to help in reeling cocoons. However pH 10 for 3 days is neither suitable for 
industrial process nor can avoid partial disintegration of sericin. Therefore there is a need for new 
methods to remove only crystals without disintegrating sericin in order to obtain pure crystals and 
pure sericin, when degumming is followed by demineralisation.  It was found that pH 6-7 at lower 
concentrations of EDTA (0.06 M) for an hour at 60 oC helped to remove crystal while retaining 
sericin. A physical method of ultrasonication was successful in removing crystals at optimised 
conditions. Ultrasonication also helped to recover the calcium oxalate monohydrate crystals in pure 
form. The study also looked at optimising degumming of semi-domestic silk as no standard method 
for degumming is currently available. The composition of sericin in wild and semi-domestic silk 
cocoons is different from the domestic cocoons. Despite lower content of sericin in these varieties, 
it is more difficult to remove and hence harsh degumming conditions are currently used. Therefore 
degumming method needs to be optimised such that it ensures complete sericin removal without the 
degradation of mechanical properties of the fibre. It was found that a combination of chemical 
reagents i.e. sodium carbonate plus sodium bicarbonate (0.83 %, 50 ml), sodium peroxide (0.04 %, 
50 ml) and SDS (1.6 %, 20 ml) at 90 oC for 1 h helped to remove sericin completely while 
maintaining the mechanical strength of the fibre. In the traditional method base (2 %, 100 ml) at 98 
oC for 1 h is used, which reduces the fibre strength significantly. 
 8.1.2 Protective roles of the cocoon 
The protection of the cocoon components against UV light was studied. It is hypothesized that apart 
from the visible light, the cocoon also effectively protects the pupa from UV light. Based on the 
literature survey, the UV blocking function of the silk cocoon has not been studied. However it is 
known that silk without sericin is susceptible to rapid light induced degradation, therefore sericin is 
considered to be responsible for photostability of silk fibres by taking up the UV and allowing it to 
penetrate into the fibre. As sericin is removed during the silk degumming process, UV absorbers are 
added to silk fabrics for UV light protection. Use of sericin in cosmetics is encouraged by 
experimental results showing that it can inhibit apoptosis induced by UV radiation. However no 
direct evidence of photoprotection of sericin has been demonstrated. The contribution of different 
cocoon components individually and in combination in providing UV protection was studied. This 
work has used reflectance spectroscopy to measure the UV absorbance of silk samples. The UV 
blocking property of cocoon was studied directly in the raw form as well as after removing sericin 
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and crystals. The UV blocking ability of sericin and crystals was also studied independently after 
their separation. A direct method of measuring the number of free radicals generated on exposure to 
UV radiation, known as photoinduced chemiluminescence (PICL), was used.  The 
chemiluminescence intensity levels of the silk cocoons were found to follow the order of P.C.ricini 
(770 Hz) >A.pernyi (288 Hz)> A.assamensis (272 Hz)> B.mori (220 Hz). As this intensity is 
directly proportional to the free radicals generated upon exposure to UV- A, the data clearly 
indicated that UV-A radiation triggers significantly higher photo-induced chemical changes in 
P.C.ricini silk compared to the other three varieties. The free radical generation is at the lowest for 
B.mori silk which has the highest amount of sericin among the four silk varieties. This suggests that 
sericin blocks UV-A light and prevents the photo-degradation of silk fibres. 
It was observed that both silk fibre and sericin absorbed UV-A and UV-B radiation, while the 
cocoon crystals absorbed in the UV-C region. An increase in the free radical generation after the 
removal of sericin confirmed the photoprotective function of sericin. The cocoon design with 
progressively higher sericin content towards the outer layers is effective to shield the pupae from 
UV radiation and at the same time protects the fibres from photodegradation and oxidative 
environmental stress. 
The resistance of silk cocoon components against bacteria was investigated. Antibacterial studies on 
various cocoon components have not been reported in the past, except for sericin. However such 
studies on sericin have shown conflicting reports. Some studies suggested that sericin could 
increase the growth of E.coli whereas others concluded that sericin helped to evade the E.coli 
growth. To understand the role of different components, antibacterial tests on raw cocoons, cocoons 
after removing crystals, cocoons after removing sericin, and on sericin solution were conducted. 
E.coli, a gram negative bacterium  was used based on the AATCC 100-2004 test method with slight 
modification. The results confirmed that no cocoon component evaded the E.coli growth rather 
sericin and fibre powders increased the growth of E.coli as compared to the control sample. Raw 
cocoons of domestic silk showed same bacterial growth as control sample while raw semi-domestic 
and wild silk cocoons showed a higher number of bacterial colonies to that of their control sample 
i.e. the jar which contained no sample. The study also provided evidence that higher pH and 
presence of any residual chemicals left after processing the cocoons could assist in inhibiting or 
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killing the bacteria and thereby providing answers to the source of positive antibacterial results 
obtained in some previous studies. 
AFM was used for nanoindentation studies of raw silk cocoons. The study helped to understand the 
resistance to indentation and viscoelastic properties at the nanometre scale. As the thickness of 
sericin layer is small, the study helped to understand the influence sericin played on the hardness of 
cocoons. Nanoindentation studies were carried out on cross sections and surfaces of the raw silk 
fibres carefully taken from the silk cocoons. The results helped to analyse the difference in the 
indentation of fibre and sericin in the axis parallel to the nanofibrils (on cross sections) and in the 
axis perpendicular to the nanofibrils (on single fibres). Cross sections of fibres exposed the fibre 
and sericin separately, so hardness and viscoelastic response to indentation between fibroin and 
sericin could be independently studied. Comparison was also made between cross sections of 
domestic and semi-domestic silk cocoon varieties in terms of their penetration and adhesion 
behaviour. It was found that the penetration values were higher in sericin (21.4 nm) than in the fibre 
(16.68 nm) in cross section of raw fibre of domestic silk cocoon while there was no difference in 
the adhesion values. The penetration values of cross sections of raw fibre in semi-domestic (12.06 
nm) silk were lower than in the domestic silk (16.68 nm). This suggests that the fibre from semi-
domestic silk cocoon variety is harder while the fibre from the domestic silk cocoon variety is softer 
and can be easily indented. Penetration studies were also done on single fibre. The indents were 
more obvious on the single fibre than on the cross sections, confirming the viscoelastic nature of the 
single fibre surface.  
8.2 Recommendations for further work 
8.2.1 Silk cocoon structure – In the second chapter, morphology of silk cocoon of B.mori, P.C.ricini 
(domestic), A.assamensis (semi-domestic) and A.mylitta (wild) was covered. Other cocoon varieties 
that belong to other genus can be studied as well.  
It was seen that certain silk varieties contain calcium oxalate hydrate crystals which vary in their 
size and morphology. Quantitative estimation of the crystals can further be done using appropriate 
methods. This estimation can help to study the distribution of crystals quantitatively in the cocoon 
layers. This distribution may also play a role in cocoon protection. As the silk cocoon cross sections 
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have pores in them, further studies can be done to evaluate the pore size and relate the pore size to 
thermal protection or other protective roles.   
8.2.2 Isolation of cocoon components – In this study it was shown that optimised demineralisation 
process helped to remove crystals but did not help in better reeling of the silk cocoons. It was 
concluded that demineralisation alone does not help in reeling however partial degumming methods 
are required for easy reeling of the cocoons. Therefore optimised demineralisation method for better 
reeling need to be developed. A physical demineralisation process (i.e. ultrasonication) needs to be 
optimised for better reeling. Development of a milder demineralisation technique is required which 
will remove all crystals without affecting fibres. A high degree of sonication reduces fibre strength 
to some extent; increasing pH and temperatures removes sericin together with crystals and reduces 
fibre strength. So a mild combination of chemical and physical demineralisation is needed. A 
process needs to be developed to clean silk fibres and make cocoon reelable without losses of fibre 
strength and natural silk fibre colour while being scalable, less expensive and environmentally 
friendly.  An estimation method of residual sericin after degumming is lacking. One method could 
be by using differential dye pick up ability of fibre and sericin. This differential dye pick up ability 
can be quantified using confocal microscopy. Despite improving degumming of non-B.mori silk in 
this study, the process still relies on high temperatures and many chemicals. Therefore degumming 
at low impact conditions is required for better fibre properties and reduced use of energy and 
chemicals. A low impact degumming process can also help in obtaining sericin with minimum 
degradation. The sericin can be reused for cosmetic and biomedical applications. Therefore further 
research on sericin removal and recovery is highly recommended.  
Obtaining silk sericin without degradation is important to retain their structural and functional 
properties. Therefore new methods need to be developed that do not degrade sericin during its 
removal process from the silk cocoons. Sericin suffers degradation at various stages. If the sericin is 
degraded, it cannot perform its inherent functions. Therefore if the sericin removal and recovery 
process can be improved by shortening the time, reducing temperature or using alternative methods 
it can help to retain the inherent properties of sericin protein.  
8.2.3 Antibacterial properties of silk cocoon – Antibacterial properties of silk cocoon components 
have been studied using a gram negative bacteria E.coli. This work can be further extended to other 
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bacterial species such as gram positive bacteria, staphylococcus aureus. Antifungal studies can also 
be extended to the silk cocoon varieties from different categories and different species. 
8.2.4 Photoprotective properties of silk cocoon –UV absorbance in silk cocoons on exposure to UV 
light were studied. The influence of natural pigments present in silk on light absorption properties 
seems to be important but not validated. The study can be extended further to analyse various 
pigments present in the silk cocoon and understand their influence on light and UV absorption. 
Further work is also important on the photoyellowing of the silk cocoons and fibres under simulated 
sunlight and UV light sources as photoyellowing is a serious problem in the silk industry especially 
in some commercial silk such as P.C.ricini. These studies are also relevant for applications of silk 
based cosmetic materials.  
In this study it was found that sericin acts as an anti-UV agent and antioxidant. Therefore further 
work on how sericin can be used as an UV protective material is important for fundamental 
understanding and applied research. 
8.2.5 Indentation properties of silk cocoon - Sericin acts as an adhesive and binds the two fibroin 
monofilaments together and also encloses them. Therefore sericin is mainly responsible for 
providing the binding strength to the fibre. But surprisingly it was found that those silk cocoon 
varieties which appear to be very hard (e.g. A.mylitta) have a low sericin content. Therefore 
structure of sericin and specifically the identification of any crosslinking agents will shed new light 
on understanding the hardness of cocoon and their protection mechanisms.  Atomic force 
microscopy was done on the cross sections and single fibres of the raw silk cocoon filaments to 
study the nanoindentation by obtaining penetration and adhesion curves. Further studies are 
warranted in this area on the longitudinal sections of the raw silk cocoon filaments and also at 
variable temperature and humidity conditions. Moreover silk cocoon’s fibrous structure details such 
as morphology and geometry can also be studied using AFM. 
8.2.6 Moisture, heat and air regulation in silk cocoons – Better understanding of moisture transfer, 
heat transfer and air permeability through the cocoons is needed to get further insight into the role 
of the cocoon as a natural defence for the pupae. These studies are important for biomimicking 
cocoon structure to design protective materials.  In this study various silk cocoon components i.e. 
  
171 
 
crystals, sericin, fibre were isolated and demineralised cocoon, degummed fibre along with the raw 
cocoon form were obtained. Further tests on moisture transfer, heat regulation and air permeability 
can be conducted by removing these cocoon components to understand their role on heat and mass 
transfer properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
172 
 
REFERENCES 
 
[1] C. Zhao and T. Asakura, "Structure of Silk studied with NMR," Progress in Nuclear 
Magnetic Resonance Spectroscopy, vol. 39, pp. 301-352, 2001. 
[2] T. Toshiki, "Utilization of Transgenic Silkworms for Recombinant Protein Production," 
Journal of Biotechnology & Biomaterials, pp. 1-8, 2012. 
[3] M. Roy, S. K. Meena, T. S. Kusurkar, S. K. Singh, N. K. Sethy, K. Bhargava, S. Sarkar, and 
M. Das, "Carbondioxide Gating in Silk Cocoon," Biointerphases, vol. 7, pp. 1-4, 2012. 
[4] A. Teshome, F. Vollrath, S. K. Raina, J. M. Kabaru, and J. Onyari, "Study on the 
microstructure of African wild silk cocoon shells and fibers," International Journal of 
Biological Macromolecules, vol. 50, pp. 63-68, 2012. 
[5] J. Zhang, J. Kaur, R. Rajkhowa, J. Li, X. Liu, and X. Wang, "Mechanical properties and 
structure of silkworm cocoons: A comparative study of Bombyx mori, Antheraea 
assamensis, Antheraea pernyi and Antheraea mylitta silkworm cocoons," Materials Science 
and Engineering: C, vol. 33, pp. 3206-3213, 2013. 
[6] K. Sen and M. Babu K, "Studies on Indian silk. I. Macrocharacterization and analysis of 
amino acid composition," Journal of Applied Polymer Science, vol. 92, pp. 1080-1097, 
2004. 
[7] C. Zhao, F. Confalonieri, N. Medina, Y. Zivanovic, C. Esnault, T. Yang, M. Jacquet, J. 
Janin, M. Duguet, R. Perasso, and Z. G. Li, "Fine organization of Bombyx mori fibroin 
heavy chain gene," Nucleic Acids Research, vol. 28, pp. 2413-2419, 2000. 
[8] S. Xiao, W. Stacklies, C. Debes, and F. Gräter, "Force distribution determines optimal 
length of β-sheet crystals for mechanical robustness," Soft Matter, vol. 7, p. 1308, 2011. 
[9] Y. Nakazawa and T. Asakura, "Structure Determination of a Peptide Model of the Repeated 
Helical Domain in Samia cynthia ricini silk fibroin before spinning by a combination of 
Advanced Solid-State NMR Methods," Journal of the American Chemical Society, vol. 125, 
pp. 7230-7237, 2003. 
[10] M. Huson and J. Maxwell, "The measurement of resilience with a scanning probe 
microscope," Polymer Testing, vol. 25, pp. 2-11, 2006. 
[11] J. Maxwell and M. Huson, "Scanning probe microscopy examination of the surface 
properties of keratin fibres," Micron, vol. 36, pp. 127-136, 2005. 
[12] M. Huson, D. Evans, J. Church, S. Hutchinson, J. Maxwell, and G. Corino, "New insights 
into the nature of the wool fibre surface," Journal of Structural Biology, vol. 163, pp. 127-
136, 2008. 
[13] O. Hakimi, D. Knight, F. Vollrath, and P. Vadgama, "Spider and mulberry silkworm silks as 
compatible biomaterials," Composites Part B: Engineering, vol. 38, pp. 324-337, 2007. 
[14] R. L. Moy, A. Lee, and A. Zalka, "Commonly used suture materials in skin surgery," Am 
Fam Physician, vol. 44, pp. 2123-2128, 1991. 
[15] G. H. Lawrence, E. F. Cave, and H. O'Connor, "Injury to the achilles tendon: Experience at 
the Massachusetts General Hospital, 1900–1954," The American Journal of Surgery, vol. 
89, pp. 795-802, 1955. 
[16] N. Minoura, S. I. Aiba, Y. Gotoh, M. Tsukada, and Y. Imai, "Attachment and growth of 
cultured fibroblast cells on silk protein matrices," Journal of Biomedical Materials 
Research, vol. 29, pp. 1215-1221, 1995. 
  
173 
 
[17] R. Marsh, R. Corey, and L. Pauling, "The crystal structure of silk fibroin," Acta 
Crystallographica, vol. 8, pp. 62-62, 1955. 
[18] Z. Shao and F. Vollrath, "Materials: Surprising strength of silkworm silk," Nature, vol. 418, 
pp. 741-741, 2002. 
[19] J. Gosline, P. Guerette, C. Ortlepp, and K. Savage, "The mechanical design of spider silks: 
from fibroin sequence to mechanical function," Journal of Experimental Biology, vol. 202, 
pp. 3295-3303, 1999. 
[20] F. G. Omenetto and D. L. Kaplan, "New opportunities for an ancient material," Science, vol. 
329, pp. 528-531, 2010. 
[21] T. Lefèvre, M.-E. Rousseau, and M. Pézolet, "Protein Secondary Structure and Orientation 
in Silk as Revealed by Raman Spectromicroscopy," Biophysical Journal, vol. 92, pp. 2885-
2895, 2007. 
[22] F. Chen, D. Porter, and F. Vollrath, "Morphology and structure of silkworm cocoons," 
Materials Science and Engineering: C, vol. 32, pp. 772-778, 2012. 
[23] T. D. Sutherland, J. H. Young, S. Weisman, C. Y. Hayashi, and D. J. Merritt, "Insect silk: 
one name, many materials," Annual Review of Entomology, vol. 55, pp. 171-188, 2010. 
[24] R. Foelix, Biology of Spiders, 3 ed.: Oxford University Press, 2010. 
[25] F. Sehnal and T. Sutherland, "Silks produced by insect labial glands," Prion, vol. 2, pp. 145-
153, 2008. 
[26] C. L. Craig, "Evolution of arthropod silks," Annual Review of Entomology, vol. 42, pp. 231-
267, 1997. 
[27] F. Sehnal and H. Akai, "Insect silk glands: their types, development and function, and 
effects of environmental factors and morphogenetic hormones on them," International 
Journal of Insect Morphology and Embryology, vol. 19, pp. 79-132, 1990. 
[28] M. Schoeser, Silk: Yale University Press, 2007. 
[29] R. Dash, S. Mukherjee, and S. C. Kundu, "Isolation, purification and characterization of silk 
protein sericin from cocoon peduncles of tropical tasar silkworm, Antheraea mylitta," 
International Journal of Biological Macromolecules, vol. 38, pp. 255-258, 2006. 
[30] T. Gheysens, A. Collins, S. K. Raina, F. Vollrath, and D. P. Knight, "Demineralization 
enables reeling of Wild Silkmoth cocoons," Biomacromolecules, vol. 12, pp. 2257-2266, 
2011. 
[31] M. L. Johnson, D. Merritt, B. Cribb, C. Trent, and M. Zalucki, "Hidden trails: Visualizing 
arthropod silk," Entomologia Experimentalis et Applicata, vol. 121, pp. 271-274, 2006. 
[32] H.-J. Jin and D. L. Kaplan, "Mechanism of silk processing in insects and spiders," Nature, 
vol. 424, pp. 1057-1061, 2003. 
[33] S. Wilaiwan, B. Chirapha, S. Yaowalak, and S. Prasong, "Screening of Some Elements in 
Different Silk Cocoon Varieties," Journal of Applied Sciences, vol. 10, pp. 575-579, 2010. 
[34] A. Lim, M. J. Saderholm, M. Kroll, Y. Yan, B. W. Erickson, P. A. Guy, R. J. Anderegg, A. 
M. Makhov, and J. D. Griffith, "Engineering of betabellin 15D: Copper (II)-induced folding 
of a fibrillar β-sandwich protein," Letters in Peptide Science, vol. 6, pp. 3-14, 1999. 
[35] Q.-X. Ruan and P. Zhou, "Sodium ion effect on silk fibroin conformation characterized by 
solid-state NMR and generalized 2D NMR–NMR correlation," Journal of Molecular 
Structure, vol. 883, pp. 85-90, 2008. 
[36] L. Zhou, X. Chen, Z. Shao, P. Zhou, D. P. Knight, and F. Vollrath, "Copper in the silk 
formation process of Bombyx mori silkworm," FEBS letters, vol. 554, pp. 337-341, 2003. 
  
174 
 
[37] T. Asakura, K. Umemura, Y. Nakazawa, H. Hirose, J. Higham, and D. Knight, "Some 
observations on the structure and function of the spinning apparatus in the silkworm Bombyx 
mori," Biomacromolecules, vol. 8, pp. 175-181, 2007. 
[38] B. Horard, E. Julien, P. Nony, A. Garel, and P. Couble, "Differential binding of the Bombyx 
silk gland-specific factor SGFB to its target DNA sequence drives posterior-cell-restricted 
expression," Molecular and Cellular Biology, vol. 17, pp. 1572-1579, 1997. 
[39] S. Inoue, K. Tanaka, H. Tanaka, K. Ohtomo, T. Kanda, M. Imamura, G. X. Quan, K. 
Kojima, T. Yamashita, T. Nakajima, H. Taira, T. Tamura, and S. Mizuno, "Assembly of the 
silk fibroin elementary unit in endoplasmic reticulum and a role of LǦchain for protection of 
α1, 2Ǧmannose residues in NǦlinked oligosaccharide chains of fibrohexamerin/P25," 
European Journal of Biochemistry, vol. 271, pp. 356-366, 2004. 
[40] K. Matsunami, H. Kokubo, K. Ohno, and Y. Suzuki, "Expression pattern analysis of 
SGFǦ3/POUǦM1 in relation to sericinǦ1 gene expression in the silk gland," Development, 
Growth & Differentiation, vol. 40, pp. 591-597, 1998. 
[41] Y. J. Wang and Y. Q. Zhang, "Three-layered sericins around the silk fibroin fiber from 
Bombyx mori cocoon and their amino acid composition," in Silk: Inheritance and Innovation 
- Modern Silk Road. vol. 175-176, L. Bai and G. Q. Chen, Eds., ed Stafa-Zurich: Trans Tech 
Publications Ltd, 2011, pp. 158-163. 
[42] G. Freddi, Y. Gotoh, T. Mori, I. Tsutsui, and M. Tsukada, "Chemical structure and physical 
properties of Antheraea assama silk," Journal of Applied Polymer Science, vol. 52, pp. 775-
781, 1994. 
[43] F. Chen, D. Porter, and F. Vollrath, "Structure and physical properties of silkworm 
cocoons," Journal of The Royal Society Interface, vol. 9, pp. 2299-2308, 2012. 
[44] D. Porter and F. Vollrath, "Silk as a biomimetic ideal for structural polymers," Advanced 
Materials, vol. 21, pp. 487-492, 2009. 
[45] Y. Takasu, T. Hata, K. Uchino, and Q. Zhang, "Identification of Ser2 proteins as major 
sericin components in the non-cocoon silk of Bombyx mori," Insect Biochemistry and 
Molecular Biology, vol. 40, pp. 339-344, 2010. 
[46] R. Veldtman, M. McGeoch, and C. Scholtz, "Variability in cocoon size in southern African 
wild silk moths: implications for sustainable harvesting," African Entomology, vol. 10, pp. 
127-136, 2002. 
[47] J. Pandiarajan, B. P. Cathrin, T. Pratheep, and M. Krishnan, "Defense role of the cocoon in 
the silk worm Bombyx mori " Rapid Communications in Mass Spectrometry, vol. 25, pp. 
3203-3206, 2011. 
[48] H. Tabunoki, "A carotenoid-binding protein (CBP) plays a crucial role in cocoon 
pigmentation of silkworm (Bombyx mori) larvae," FEBS Letters, vol. 567, pp. 175-178, 
2004. 
[49] Y. Tamuraa, K. Nakajimab , K. Nagayasua , and C. Takabayashib "Flavonoid 5-glucosides 
from the cocoon shell of the silkworm, Bombyx mori," Phytochemistry vol. 59, pp. 275–278, 
2002. 
[50] J. Zhang, R. Rajkhowa, J. Li, X. Liu, and X. Wang, "Silkworm Cocoon as Natural Material 
and Structure for Thermal Insulation," Materials & Design, vol. 49, pp. 842-849, 2013. 
[51] R. Rajendran, C. Balakumar, R. Sivakumar, T. Amruta, and N. Devaki, "Extraction and 
application of natural silk protein sericin from Bombyx morias antimicrobial finish for 
cotton fabrics," Journal of the Textile Institute, vol. 103, pp. 458-462, 2012. 
  
175 
 
[52] R. Dash, M. Mandal, S. K. Ghosh, and S. Kundu, "Silk sericin protein of tropical tasar 
silkworm inhibits UVB-induced apoptosis in human skin keratinocytes," Molecular and 
Cellular Biochemistry, vol. 311, pp. 111-119, 2008. 
[53] H. V. Danks, "The roles of insect cocoons in cold conditions," European Journal of 
Entomology, vol. 101, pp. 433-438, 2004. 
[54] R. Dash, C. Acharya, P. Bindu, and S. Kundu, "Antioxidant potential of silk protein sericin 
against hydrogen peroxide-induced oxidative stress in skin fibroblasts," BMB Rep, vol. 41, 
pp. 236-241, 2008. 
[55] J. B. Fan, L. P. Wu, L. S. Chen, X. Y. Mao, and F. Z. Ren, "Antioxidant activities of silk 
sericin from silkworm Bombyx mori," Journal of Food Biochemistry, vol. 33, pp. 74-88, 
2009. 
[56] A. Manosroi, K. Boonpisuttinant, S. Winitchai, W. Manosroi, and J. Manosroi, "Free radical 
scavenging and tyrosinase inhibition activity of oils and sericin extracted from Thai native 
silkworms (Bombyx mori)," Pharmaceutical Biology, vol. 48, pp. 855-860, 2010. 
[57] W. Senakoon, S. Nuchadomrong, S. Sirimungkararat, T. Senawong, and P. Kitikoon, 
"Antibacterial action of eri (samia ricini) sericin against escherichia coli and staphylococcus 
aureus," Asian Journal of Food and Agro-Industry, pp. 222-228, 2009. 
[58] S. Sarovart, B. Sudatis, P. Meesilpa, B. P. Grady, and R. Magaraphan, "The use of sericin as 
an antioxidant and antimicrobial for polluted air treatment," Rev. Adv. Mater. Sci, vol. 5, pp. 
193-198, 2003. 
[59] S. Nuchadomrong, W. Senakoon, S. Sirimungkararat, T. Senawong, and P. Kitikoon, 
"Antibacterial and antioxidant activities of sericin powder from eri silkworm cocoons 
correlating to degumming processes," International Journal of Wild Silkmoth and Silk, vol. 
13, pp. 69-78, 2009. 
[60] I. B. Khalifa, N. Ladhari, and M. Touay, "Application of sericin to modify textile supports," 
The Journal of the Textile Institute, vol. 103, pp. 370-377, 2012. 
[61] A. Seves, M. Romanò, T. Maifreni, S. Sora, and O. Ciferri, "The microbial degradation of 
silk: a laboratory investigation," International Biodeterioration & Biodegredation, vol. 42, 
pp. 203-211, 1998. 
[62] H. Akiyama, R. Torigoe, and J. Arata, "Interaction of Staphylococcus aureus cells and silk 
threads in vitro and in mouse skin," Journal of Dermatological Science   vol. 6, pp. 247-257, 
1993. 
[63] S. Wright and S. L. Goodacre, "The antimicrobial properties of spider silk," BMC Research 
Notes, vol. 5, 2012. 
[64] N. Reddy and Y. Yang, "Morphology and tensile properties of silk fibers produced by 
uncommon Saturniidae," International Journal of Biological Macromolecules, vol. 46, pp. 
419-424, 2010. 
[65] N. Reddy and Y. Yang, "Structure and properties of cocoons and silk fibers produced by 
Hyalophora cecropia," Journal of Materials Science, vol. 45, pp. 4414-4421, 2010. 
[66] N. Reddy, Y. Zhao, and Y. Yang, "Structure and Properties of Cocoons and Silk Fibers 
Produced by Attacus atlas," Journal of Polymers and the Environment, pp. 1-8, 2013. 
[67] N. Reddy and Y. Yang, "Structure and properties of ultrafine silk fibers produced by 
Theriodopteryx ephemeraeformis," Journal of Materials Science, vol. 45, pp. 6617-6622, 
2010. 
  
176 
 
[68] G. Freddi, A. Bianchi Svilokos, H. Ishikawa, and M. Tsukada, "Chemical composition and 
physical properties of Gonometa rufobrunnae silk," Journal of Applied Polymer Science, 
vol. 48, pp. 99-106, 1993. 
[69] F. Chen, D. Porter, and F. Vollrath, "Silk cocoon (Bombyx mori): Multilayer structure and 
mechanical properties  " Acta Biomaterialia, vol. 8, pp. 2620-2627, 2012. 
[70] A. Teshome, S. Raina, F. Vollrath, J. Kabaru, J. Onyari, and E. Nguku, "Study on Weight 
Loss and Moisture Regain of Silk Cocoon Shells and Degummed Fibers from African Wild 
Silkmoths " Journal of Entomology, vol. 8, pp. 450-458, 2011. 
[71] R. M. Robson, "Microvoids in Bombyx mori silk. An electron microscope study," 
International Journal of Biological Macromolecules, vol. 24, pp. 145-150, 1999. 
[72] Y. Kawahara and M. Shioya, "Characterization of microvoids in mulberry and tussah silk 
fibers using stannic acid treatment," Journal of Applied Polymer Science, vol. 73, pp. 363-
367, 1999. 
[73] R. E. Marsh, R. B. Corey, and L. Pauling, "An investigation of the structure of silk fibroin," 
Biochimica et Biophysica Acta, vol. 16, pp. 1-34, 1955. 
[74] J. Warwicker, "Comparative studies of fibroins: II. The crystal structures of various 
fibroins," Journal of Molecular Biology, vol. 2, pp. 350-362, 1960. 
[75] R. Marsh, R. Corey, and L. Pauling, "The structure of tussah silk fibroin (with a note on the 
structure of-poly-L-alanine)," Acta Crystallographica, vol. 8, pp. 710-715, 1955. 
[76] F. Sehnal and M. Zˇurovec, "Construction of silk fiber core in Lepidoptera," 
Biomacromolecules, vol. 5, pp. 666-674, 2004. 
[77] S. Inoue, "Silk Fibroin of Bombyx mori Is Secreted, Assembling a High Molecular Mass 
Elementary Unit Consisting of H-chain, L-chain, and P25, with a 6:6:1 Molar Ratio," 
Journal of Biological Chemistry, vol. 275, pp. 40517-40528, 2000. 
[78] K. Tanaka, N. Kajiyama, K. Ishikura, S. Waga, A. Kikuchi, K. Ohtomo, T. Takagi, and S. 
Mizuno, "Determination of the site of disulfide linkage between heavy and light chains of 
silk fibroin produced by Bombyx mori," Biochimica et Biophysica Acta vol. 1432, pp. 92-
103, 1999. 
[79] K. Yamaguchi, Y. Kikuchi, T. Takagi, A. Kikuchi, F. Oyama, K. Shimura, and S. Mizuno, 
"Primary structure of the silk fibroin light chain determined by cDNA sequencing and 
peptide analysis," Journal of Molecular Biology, vol. 210, pp. 127-139, 1989. 
[80] K. U. Sprague, "Bombyx mori silk proteins. Characterization of large polypeptides," 
Biochemistry, vol. 14, pp. 925-931, 1975. 
[81] F. Lucas, J. T. B. Shaw, and S. G. Smith, "Comparative studies of fibroins: I. The amino 
acid composition of various fibroins and its significance in relation to their crystal structure 
and taxonomy," Journal of Molecular Biology, vol. 2, pp. 339-349, 1960. 
[82] R. Ahmad, A. Kamra, and S. E. Hasnain, "Fibroin Silk Proteins from the Nonmulberry 
Silkworm Philosamia ricini are Biochemically and Immunochemically distinct from those 
of the Mulberry Silkworm B.mori," DNA and Cell Biology, vol. 23, pp. 149-154, 2004. 
[83] G. Capar, S. S. Aygun, and M. R. Gecit, "Treatment of silk production wastewaters by 
membrane processes for sericin recovery," Journal of Membrane Science, vol. 325, pp. 920-
931, 2008. 
[84] J. H. Wu, Z. Wang, and S. Y. Xu, "Preparation and characterization of sericin powder 
extracted from silk industry wastewater," Food Chemistry, vol. 103, pp. 1255-1262, 2007. 
  
177 
 
[85] N. Yagi, "The cocooning behavior of a saturnian caterpillar (Dityoploca japonica); A 
problem in analysis of inset condut," Journal of Experimental Zoology, vol. 46, pp. 245-261, 
1926. 
[86] J. D. Beek Van, L. Beaulieu, H. Schafer, M. Demura, and T. Asakura, "Solid state NMR 
determination of the secondary structure of Samia cynthia ricini silk," Nature, vol. 405, pp. 
1077-1079, 2000. 
[87] Y. Suzuki, A. Aoki, Y. Nakazawa, D. P. Knight, and T. Asakura, "Structural analysis of the 
synthetic peptide (Ala-Gly-Ser-Gly-Ala-Gly)(5), a model for the crystalline domain of 
Bombyx mori silk fibroin, studied with C-13 CP/MAS NMR, REDOR, and statistical 
mechanical calculations," Macromolecules, vol. 43, pp. 9434-9440, 2010. 
[88] M. G. Dobb, R. D. B. Fraser, and T. P. Macrae, "The fine structure of Silk Fibroin," The 
journal of Cell Biology, vol. 32, pp. 289-295, 1967. 
[89] L. D. Miller, S. Putthanarat, R. Eby, and W. Adams, "Investigation of the nanofibrillar 
morphology in silk fibers by small angle X-ray scattering and atomic force microscopy," 
International Journal of Biological Macromolecules, vol. 24, pp. 159-165, 1999. 
[90] P. Poza, J. Perez-Rigueiro, M. Elices, and J. Llorca, "Fractographic analysis of silkworm 
and spider silk," Engineering Fracture Mechanics, vol. 69, pp. 1035-1048, 2002. 
[91] S. Putthanarat, N. Stribeck, R. K. Fossey, and W. W. Adams, "Investigation of the 
nanofibrils of silk fibers," Polymer, vol. 41, pp. 7735-7747, 2000. 
[92] T. Arai, G. Freddi, R. Innocenti, and M. Tsukada, "Biodegradation of Bombyx mori silk 
fibroin fibers and Films," Journal of Applied Polymer Science, vol. 91, pp. 2383-2390, 
2004. 
[93] A. Sonthisombat and P. T. Speakman, "Silk: Queen of Fibres–The Concise Story," ed, 2004. 
[94] P. Aramwit and A. Sangcakul, "The effects of sericin cream on wound healing in rats," 
Bioscience, Biotechnology, and Biochemistry, vol. 71, pp. 2473-2477, 2007. 
[95] X. Du, J. Li, and Y. Chen, "Proteomic analysis of sericin in Bombyx mori cocoons," 
Biotechnology and Bioprocess Engineering, vol. 16, pp. 438-444, 2011. 
[96] M. M. R. Khan, M. Tsukada, Y. Gotoh, H. Morikawa, G. Freddi, and H. Shiozaki, "Physical 
properties and dyeability of silk fibers degummed with citric acid," Bioresource 
Technology, vol. 101, pp. 8439-8445, 2010. 
[97] P. Jiang, H. Liu, C. Wang, L. Wu, J. Huang, and C. Guo, "Tensile behavior and morphology 
of differently degummed silkworm (Bombyx mori) cocoon silk fibres," Materials Letters, 
vol. 60, pp. 919-925, 2006. 
[98] R. H. Walters and O. A. Hougen, "Silk Degumming: I. Degradation of Silk Sericin by 
Alkalies," Textile Research Journal, vol. 5, pp. 92-104, 1934. 
[99] K. Haggag, H. El-Sayed, and O. G. Allam, "Degumming of Silk Using Microwave-Assisted 
Treatments," Journal of Natural Fibers, vol. 4, pp. 1-22, 2007. 
[100] M. Gulrajani, S. Sethi, and S. Gupta, "Some studies in degumming of silk with organic 
acids," Journal of the Society of Dyers and Colourists, vol. 108, pp. 79-86, 1992. 
[101] G. Freddi, G. Allara, and G. Candiani, "Degumming of silk fabrics with tartaric acid," 
JSDC, vol. 112, pp. 191-195, 1996. 
[102] M. Nakpathom, B. Somboon, and N. Narumol, "Papain Enzymatic Degumming of Thai 
Bombyx Silk Fibers," Journal of Microscopy Society of Thailand, vol. 23, pp. 142-146, 
2009. 
[103] P. Aramwit, T. Siritientong, and T. Srichana, "Potential applications of silk sericin, a natural 
protein from textile industry by-products," Waste Management & Research, pp. 1-8, 2011. 
  
178 
 
[104] M. L. Gulrajani and S. V. Gupta, "Degumming of silk with different protease enzymes," 
Indian Journal of Fibre and Textile Research, vol. 21, pp. 270-275, 1996. 
[105] M. L. Gulrajani and S. Sen, "Efficacy of proteases on degumming of dupion silk," Indian 
Journal of Fibre and Textile Research, vol. 23, pp. 52-58, 1998. 
[106] M. L. Gulrajani and R. Agarwal, "Degumming of silk with lipase and protease," Indian 
Journal of Fibre and Textile Research, vol. 25, pp. 69-70, 2000. 
[107] J.-J. Long, H.-W. Wang, T.-Q. Lu, R.-C. Tang, and Y.-w. Zhu, "Application of Low-
Pressure Plasma Pretreatment in Silk Fabric Degumming Process," Plasma Chemistry and 
Plasma Processing, vol. 28, pp. 701-713, 2008. 
[108] N. M. Mahmoodi, M. Arami, F. Mazaheri, and S. Rahimi, "Degradation of sericin 
(degumming) of Persian silk by ultrasound and enzymes as a cleaner and environmentally 
friendly process," Journal of Cleaner Production, vol. 18, pp. 146-151, 2010. 
[109] N. M. Mahmoodi, F. Moghimi, M. Arami, and F. Mazaheri, "Silk degumming using 
microwave irradiation as an environmentally friendly surface modification method," Fibers 
and Polymers, vol. 11, pp. 234-240, 2010. 
[110] D. Devi, N. S. Sarma, B. Talukdar, P. Chetri, K. C. Baruah, and N. N. Dass, "Study of the 
structure of degummed Antheraea assamensis (muga) silk fibre," Journal of the Textile 
Institute, vol. 102, pp. 527-533, 2011. 
[111] R. Dash, S. Ghosh, D. Kaplan, and S. Kundu, "Purification and biochemical characterization 
of a 70 kDa sericin from tropical tasar silkworm, Antheraea mylitta," Comparative 
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, vol. 147, pp. 
129-134, 2007. 
[112] Y. Takasu, H. Yamada, and K. Tsubouchi, "Isolation of three main sericin components from 
the cocoon of the silkworm, Bombyx mori," Bioscience, biotechnology, and biochemistry, 
vol. 66, pp. 2715-2718, 2002. 
[113] M. D. Teli and V. M. Rane, "Comparative Study of the Degumming of Mulberry, Muga, 
Tasar and Eri cream silk," Fibers and Textiles in eastern Europe, vol. 19, pp. 10-14, 2011. 
[114] V. Gupta, R. Rajkhowa, and V. Kothari, "Physical characteristics and structure of Indian 
silk fibres," Indian Journal Of Fibre & Textile Research, vol. 25, pp. 14-19, 2000. 
[115] R. Rajkhowa, V. Gupta, and V. Kothari, "Tensile stress–strain and recovery behavior of 
Indian silk fibers and their structural dependence," Journal of Applied Polymer Science, vol. 
77, pp. 2418-2429, 2000. 
[116] T. S. Khire, J. Kundu, S. C. Kundu, and V. K. Yadavalli, "The fractal self-assembly of the 
silk protein sericin," Soft Matter, vol. 6, pp. 2066-2071, 2010. 
[117] H. Yamada, H. Nakao, Y. Takasu, and K. Tsubouchi, "Preparation of undegraded native 
molecular fibroin solution from silkworm cocoons," Materials Science and Engineering: C, 
vol. 14, pp. 41-46, 2001. 
[118] M. N. Padamwar, A. P. Pawar, A. V. Daithankar, and K. Mahadik, "Silk sericin as a 
moisturizer: an in vivo study," Journal of Cosmetic Dermatology, vol. 4, pp. 250-257, 2005. 
[119] P. Aramwit, S. Damrongsakkul, S. Kanokpanont, and T. Srichana, "Properties and 
antityrosinase activity of sericin from various extraction methods," Biotechnology and 
Applied Biochemistry, vol. 55, pp. 91-98, 2010. 
[120] M. L. Gulrajani, R. Purwar, R. K. Prasad, and M. Joshi, "Studies on structural and 
functional properties of sericin recovered from silk degumming liquor by membrane 
technology," Journal of applied polymer science, vol. 113, pp. 2796-2804, 2009. 
  
179 
 
[121] H. Yun, H. Oh, M. K. Kim, H. W. Kwak, J. Y. Lee, I. C. Um, S. K. Vootla, and K. H. Lee, 
"Extraction conditions of Antheraea mylitta sericin with high yields and minimum 
molecular weight degradation," International journal of biological macromolecules, vol. 52, 
pp. 59-65, 2013. 
[122] M.-H. Wu and Y.-Q. Zhang, "Nanofiltration recovery of sericin from silk processing waste 
and synthesis of a lauroyl sericin-based surfactant and its characteristics," RSC Advances, 
vol. 4, pp. 4140-4145, 2014. 
[123] D. Gupta, A. Agrawal, H. Chaudhary, M. Gulrajani, and C. Gupta, "Cleaner process for 
extraction of sericin using infrared," Journal of Cleaner Production, vol. 52, pp. 488-494, 
2013. 
[124] H. P. Zhao, X. Q. Feng, S. W. Yu, W. Z. Cui, and F. Z. Zou, "Mechanical properties of 
silkworm cocoons," Polymer, vol. 46, pp. 9192-9201, 2005. 
[125] A. Teshome, J. M. Onyari, S. K. Raina, J. M. Kabaru, and F. Vollrath, "Mechanical and 
thermal degradation properties of silk from African wild silkmoths," Journal of Applied 
Polymer Science, vol. 127, pp. 289-297, 2013. 
[126] F. Chen, T. Hesselberg, D. Porter, and F. Vollrath, "The impact behaviour of silk cocoons," 
The Journal of experimental biology, vol. 216, pp. 2648-2657, 2013. 
[127] H. G. Hansma, "Atomic Force Microscopy and Spectroscopy of Silk from Spider Draglines, 
Capture-Web Spirals, and Silkworms," in Biotechnology of Silk, ed: Springer, 2014, pp. 
123-136. 
[128] S. D. Hudson, V. Zhurov, V. Grbic, M. Grbic, and J. L. Hutter, "Measurement of the elastic 
modulus of spider mite silk fibers using atomic force microscopy," Journal of Applied 
Physics, vol. 113, pp. 154300-154307, 2013. 
[129] G. V. Guinea, M. Elices, G. R. Plaza, G. B. Perea, R. Daza, C. Riekel, F. Agulló-Rueda, C. 
Hayashi, Y. Zhao, and J. Pérez-Rigueiro, "Minor ampullate silks from Nephila and Argiope 
spiders: Tensile properties and microstructural characterization," Biomacromolecules, vol. 
13, pp. 2087-2098, 2012. 
[130] J. Pérez-Rigueiro, M. Elices, G. R. Plaza, and G. V. Guinea, "Similarities and differences in 
the supramolecular organization of silkworm and spider silk," Macromolecules, vol. 40, pp. 
5360-5365, 2007. 
[131] D. N. Breslauer, S. J. Muller, and L. P. Lee, "Generation of monodisperse silk microspheres 
prepared with microfluidics," Biomacromolecules, vol. 11, pp. 643-647, 2010. 
[132] S. Ghosh, S. T. Parker, X. Wang, D. L. Kaplan, and J. A. Lewis, "DirectǦWrite Assembly of 
Microperiodic Silk Fibroin Scaffolds for Tissue Engineering Applications," Advanced 
Functional Materials, vol. 18, pp. 1883-1889, 2008. 
[133] S. Roy, P. Aravind, C. Madhurantakam, A. K. Ghosh, R. Sankaranarayanan, and A. K. Das, 
"Crystal structure of a fungal protease inhibitor from Antheraea mylitta," Journal of 
Structural Biology, vol. 166, pp. 79-87, 2009. 
[134] X. Nirmala, K. Mita, V. Vanisree, M. Žurovec, and F. Sehnal, "Identification of four small 
molecular mass proteins in the silk of Bombyx mori," Insect molecular biology, vol. 10, pp. 
437-445, 2001. 
[135] S. Hara and M. Yamakawa, "Moricin, a Novel Type of Antibacterial Peptide Isolated from 
the Silkworm, Bombyx mori," The journal of Biological Chemistry, vol. 270, pp. 29923–
29927, 1995. 
  
180 
 
[136] G. Li, H. Liu, H. Zhao, Y. Gao, J. Wang, H. Jiang, and R. I. Boughton, "Chemical assembly 
of TiO2 and TiO2-Ag nanoparticles on silk fiber to produce multifunctional fabrics," 
Journal of Colloid and Interface Science, vol. 358, pp. 307-315, 2011. 
[137] A. K. Prusty, T. Das, A. Nayak, and N. B. Das, "Colourimetric analysis and antimicrobial 
study of natural dyes and dyed silk," Journal of Cleaner Production, vol. 18, pp. 1750-1756, 
2010. 
[138] D. T. W. Chun, J. A. Foulk, and D. D. McAlister "Testing for antibacterial properties of 
cotton/flax denim," Industrial Crops and Products, vol. 29, pp. 371-376, 2009. 
[139] F. SEHNAL, "Prospects of the practical use of silk sericins," Entomological Research, vol. 
38, pp. S1-S8, 2008. 
[140] F. Sehnal, "Biotechnologies based on silk," Insect Biotechnology, vol. 2, pp. 211-224, 2011. 
[141] M. N. Padamwar and A. P. Pawar, "Silk sericin and its applications: A review," Journal of 
Scientific and Industrial Research, vol. 63, pp. 323-329, 2004. 
[142] M. A. Becker, P. Willman, and N. C. Tuross, "The US first ladies gowns: a biochemical 
study of silk preservation," Journal of the American Institute for Conservation, pp. 141-152, 
1995. 
[143] B. R. Das, "UV Radiation Protective Clothing," Open Textiles Journal, vol. 3, pp. 14-21, 
2010. 
[144] I. Holme, "UV absorbers for protection and performance," International Dyer, vol. 4, pp. 9-
13, 2003. 
[145] N. P. Horrocks, F. Vollrath, and C. Dicko, "The silkmoth cocoon as humidity trap and 
waterproof barrier," Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, vol. 164, pp. 645-652, 2013. 
[146] S. Prasong, S. Yaowalak, and S. Wilaiwan, "Characteristics of silk fiber with and without 
sericin component: a comparison between Bombyx mori and Philosamia ricini silks," 
Pakistan Journal of Biological Sciences, vol. 12, pp. 872-876, 2009. 
[147] M. Li, W. Tao, S. Kuga, and Y. Nishiyama, "Controlling molecular conformation of 
regenerated wild silk fibroin by aqueous ethanol treatment," Polymers for Advanced 
Technologies, vol. 14, pp. 694-698, 2003. 
[148] O. Hakimi, D. P. Knight, M. M. Knight, M. F. Grahn, and P. Vadgama, "Ultrastructure of 
insect and spider cocoon silks," Biomacromolecules, vol. 7, pp. 2901-2908, 2006. 
[149] A. Barth, "The infrared absorption of amino acid side chains," Progress in biophysics and 
molecular biology, vol. 74, pp. 141-173, 2000. 
[150] J. Shao, J. Zheng, J. Liu, and C. Carr, "Fourier transform Raman and Fourier transform 
infrared spectroscopy studies of silk fibroin," Journal of Applied Polymer Science, vol. 96, 
pp. 1999-2004, 2005. 
[151] R. Ene, P. Papadopoulos, and F. Kremer, "Quantitative analysis of infrared absorption 
coefficient of spider silk fibers," Vibrational Spectroscopy, vol. 57, pp. 207-212, 2011. 
[152] T. Shippey, "Vibrational studies of calcium oxalate monohydrate (whewellite) and an 
anhydrous phase of calcium oxalate," Journal of Molecular Structure, vol. 63, pp. 157-166, 
1980. 
[153] P. W. Holloway and H. H. Mantsch, "Structure of cytochrome b5 in solution by Fourier-
transform infrared spectroscopy," Biochemistry, vol. 28, pp. 931-935, 1989. 
[154] Y. N. Chirgadze, O. Fedorov, and N. Trushina, "Estimation of amino acid residue sideǦchain 
absorption in the infrared spectra of protein solutions in heavy water," Biopolymers, vol. 14, 
pp. 679-694, 1975. 
  
181 
 
[155] G.-T. Meng and C.-Y. Ma, "Fourier-transform infrared spectroscopic study of globulin from 
Phaseolus angularis (red bean)," International Journal of Biological Macromolecules, vol. 
29, pp. 287-294, 2001. 
[156] O. N. Tretinnikov, "Influence of Casting Temperature on the near-surface structure and 
Wettability of Cast silk fibroin films," Langmuir, vol. 17, pp. 7406-7413, 2001. 
[157] P. Taddei and P. Monti, "Vibrational infrared conformational studies of model peptides 
representing the semicrystalline domains of Bombyx mori silk fibroin," Biopolymers, vol. 
78, pp. 249-258, 2005. 
[158] C. Jung, "Insight into protein structure and protein–ligand recognition by Fourier transform 
infrared spectroscopy," Journal of Molecular Recognition, vol. 13, pp. 325-351, 2000. 
[159] A. Dong, P. Huang, and W. S. Caughey, "Protein secondary structures in water from 
second-derivative amide I infrared spectra," Biochemistry, vol. 29, pp. 3303-3308, 1990. 
[160] E. Goormaghtigh, V. Cabiaux, and J.-M. Ruysschaert, "Determination of soluble and 
membrane protein structure by Fourier transform infrared spectroscopy," in 
Physicochemical Methods in the Study of Biomembranes, ed: Springer, 1994, pp. 329-362. 
[161] C. Mouro, C. Jung, A. Bondon, and G. Simonneaux, "Comparative Fourier transform 
infrared studies of the secondary structure and the CO heme ligand environment in 
cytochrome P-450cam and cytochrome P-420cam," Biochemistry, vol. 36, pp. 8125-8134, 
1997. 
[162] H. Zhang, J. Magoshi, M. Becker, J. Y. Chen, and R. Matsunaga, "Thermal properties of 
Bombyx mori silk fibers," Journal of Applied Polymer Science, vol. 86, pp. 1817-1820, 
2002. 
[163] K. D. Costa and F. Yin, "Analysis of indentation: implications for measuring mechanical 
properties with atomic force microscopy," Journal of Biomechanical Engineering, vol. 121, 
pp. 462-471, 1999. 
[164] A. Paiva, S. Sequeira, D. Evtuguin, A. Kholkin, and I. Portugal, "Nanoscale structure of 
cellulosic materials: challenges and opportunities for AFM," Modern Research and 
Educational Topics in Microscopy, pp. 726-733, 2007. 
[165] C. R. Blanchard, "Atomic force microscopy," The chemical educator, vol. 1, pp. 1-8, 1996. 
[166] R. Howland and L. Benatar, A Practical Guide: To Scanning Probe Microscopy: Park 
scientific instruments, 1996. 
[167] S. Kasas, N. Thomson, B. Smith, P. Hansma, J. Miklossy, and H. Hansma, "Biological 
applications of the AFM: from single molecules to organs," International Journal of 
Imaging Systems and Technology, vol. 8, pp. 151-161, 1997. 
[168] H. An, M. R. Nussio, M. G. Huson, N. H. Voelcker, and J. G. Shapter, "Material properties 
of lipid microdomains: force-volume imaging study of the effect of cholesterol on lipid 
microdomain rigidity," Biophysical Journal, vol. 99, pp. 834-844, 2010. 
[169] K. J. Kociba and P. K. Gallagher, "A study of calcium oxalate monohydrate using dynamic 
differential scanning calorimetry and other thermoanalytical techniques," Thermochimica 
Acta, vol. 282–283, pp. 277-296, 1996. 
[170] C. XiangYuan, S. Urita, S. Imanishi, T. Nagasawa, and K. Suzuki, "Isolation and 
characterization of a 41 kDa sericin from the wild silkmoth Antheraea yamamai," Journal of 
Insect Biotechnology and Sericology, vol. 78, pp. 11-16, 2009. 
[171] P. Aramwit, S. Kanokpanont, T. Nakpheng, and T. Srichana, "The Effect of Sericin from 
Various Extraction Methods on Cell Viability and Collagen Production," International 
Journal of Molecular Sciences, vol. 11, pp. 2200-2211, 2010. 
  
182 
 
[172] M.-p. Ho, H. Wang, K.-t. Lau, J.-h. Lee, and D. Hui, "Interfacial bonding and degumming 
effects on silk fibre/polymer biocomposites," Composites Part B: Engineering, vol. 43, pp. 
2801-2812, 2012. 
[173] R. L. Horan, K. Antle, A. L. Collette, Y. Wang, J. Huang, J. E. Moreau, V. Volloch, D. L. 
Kaplan, and G. H. Altman, "In vitro degradation of silk fibroin," Biomaterials, vol. 26, pp. 
3385-3393, 2005. 
[174] T. Afrin, T. Tsuzuki, R. K. Kanwar, and X. Wang, "The origin of the antibacterial property 
of bamboo," Journal of the Textile Institute, vol. 108, pp. 1-6, 2011. 
[175] R. Rajkhowa, L. Wang, and X. Wang, "Ultra-fine silk powder preparation through rotary 
and ball milling," Powder technology, vol. 185, pp. 87-95, 2008. 
[176] R. Rajkhowa, L. Wang, J. Kanwar, and X. Wang, "Fabrication of ultrafine powder from eri 
silk through attritor and jet milling," Powder technology, vol. 191, pp. 155-163, 2009. 
[177] R. Rajkhowa, B. Levin, S. L. Redmond, L. H. Li, L. Wang, J. R. Kanwar, M. D. Atlas, and 
X. Wang, "Structure and properties of biomedical films prepared from aqueous and acidic 
silk fibroin solutions," Journal of Biomedical Materials Research Part A, vol. 97, pp. 37-45, 
2011. 
[178] B. Tang, J. Wang, S. Xu, T. Afrin, W. Xu, L. Sun, and X. Wang, "Application of anisotropic 
silver nanoparticles: Multifunctionalization of wool fabric," Journal of Colloid and 
Interface Science, vol. 356, pp. 513-518, 2011. 
[179] N. Parhad and N. Rao, "Effect of pH on survival of Escherichia coli," Journal (Water 
Pollution Control Federation), pp. 980-986, 1974. 
[180] K. Sen and M. Babu K, "Studies on Indian silk. II. Structure–property correlations," Journal 
of Applied Polymer Science, vol. 92, pp. 1098-1115, 2004. 
[181] G. Kortüm, W. Braun, and G. Herzog, "Principles and Techniques of DiffuseǦReflectance 
Spectroscopy," Angewandte Chemie International Edition in English, vol. 2, pp. 333-341, 
1963. 
[182] K. R. Millington, "Diffuse reflectance spectroscopy of fibrous proteins," Amino Acids, vol. 
43, pp. 1277-1285, 2012. 
[183] K. R. Millington and G. Maurdev, "Kinetics of photo-induced chemiluminescence decay 
from polymers," Polymer Journal, vol. 41, pp. 1085-1091, 2009. 
[184] K. R. Millington, M. J. Jones, S. F. Zakaria, and G. Maurdev, "Using Chemiluminescence to 
Study the Photodegradation of Materials," in Materials Science Forum, 2010, pp. 2414-
2417. 
[185] K. R. Millington, C. Deledicque, M. J. Jones, and G. Maurdev, "Photo-induced 
chemiluminescence from fibrous polymers and proteins," Polymer Degradation and 
Stability, vol. 93, pp. 640-647, 2008. 
[186] L. Holt, B. Milligan, and W. Savige, "The photoyellowing of wool and silk: the effect of 
converting tryptophan to oxindolylalanine residues," The Journal of the Textile Institute, 
vol. 3, pp. 124-126, 1977. 
[187] K. R. Millington, "Photoyellowing of wool. Part 1: Factors affecting photoyellowing and 
experimental techniques," Coloration Technology, vol. 122, pp. 169-186, 2006. 
[188] T. Asakura and Y. Nakazawa, "Structure and structural changes of the silk fibroin from 
Samia cynthia ricini using nuclear magnetic resonance spectroscopy," Macromolecular 
Bioscience, vol. 4, pp. 175-185, 2004. 
  
183 
 
[189] G. Nadiger, N. Bhat, and M. Padhye, "Investigation of amino acid composition in the 
crystalline region of silk fibroin," Journal of Applied Polymer Science, vol. 30, pp. 221-225, 
1985. 
[190] A. Aitken and M. Learmonth, "Protein determination by UV absorption," in The protein 
protocols handbook, ed: Springer, 1996, pp. 3-6. 
[191] A. Sule, Computer Colour Analysis: Textile Applications: New Age International, 1997. 
[192] W. C. Dunlap and J. M. Shick, "Ultraviolet radiationǦabsorbing mycosporineǦlike amino 
acids in coral reef organisms: A biochemical and environmental perspective," Journal of 
Phycology, vol. 34, pp. 418-430, 1998. 
[193] D. Kaplan, W. W. Adams, B. Farmer, and C. Viney, Silk polymers: ACS Publications, 1994. 
[194] G. Kelly, M. Mollah, and F. Wilkinson, "A Study of Transient Absorption in Wool Keratin 
and Silk Fibroin by Diffuse-reflectance Laser-flash Photolysis," The Journal of the Textile 
Institute, vol. 81, pp. 91-94, 1990. 
[195] H. Sies, "Oxidative stress: oxidants and antioxidants," Experimental Physiology, vol. 82, pp. 
291-295, 1997. 
[196] N. Kato, S. Sato, A. Yamanaka, H. Yamada, N. Fuwa, and M. Nomura, "Silk protein, 
sericin, inhibits lipid peroxidation and tyrosinase activity," Bioscience, Biotechnology, and 
Biochemistry, vol. 62, pp. 145-147, 1998. 
 
